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I. The Mechanics of Movement and of Posture 
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I. Introduction 


ASTERIAS RUBENS , under the normal circumstances of its life in tide 
£TL pools and in the deeper waters of the continental shelf, displays a range of 
activities which include locomotion, the capture of food, and the maintenance 
of a posture in which the oral surface is kept in apposition to the substratum. 
These and other organismal activities require an harmonious integration of 
movement of the different parts and organs of the body, chief among which 
are the tube feet and the muscular walls of the arms. These integrated 
movements of Widely separated systems contrast vividly with the strictly 
autonomous behaviour of the spines and pedicellariae situated on various 
parts of the lateral and dorsal surfaces of the arms and disk. 

It is apparent from the work of Romanes and Ewart (1881), Preyer (i886)> 
Demoor and Chapeaux (1891), Jennings (1907), Mangold (1908), and Dieb- 
schlag (1938), among other authorities, that the ability of the tube feet and 
myodermal wall of the arms to take part in organismal responses is dependent 
on an innervation which includes nervous connexion with the neurones and 
tracts of the radial nerve cord and circumoral nerve ring, and that the autono- 
mous behaviour of the spines and pedicellariae is a consequence of their being 
innervated solely through the peripheral plexus of the dorsal sheath (i.e. the 
integument lateral to the tube feet). Some of the implications of peripheral 
and central innervation in terms of the integration of activity in starfishes have 
been discussed in a recent review (Smith, 1945). The present paper, on the 
kinematics of tube foot activity, is intended to serve as an introduction to a 
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2 Smith— The Activities of the Tube Feet of Asterias rubens L* 

more detailed examination of the mechanisms underlying nervous integration 
in the starfish as evidenced by an analysis of the circumstances of stimulation 
and innervation appropriate to the appearance of the reflexly and centrally 
controlled activities of the feet. 

II. The Movements and Postures of the Feet 
The activities of a starfish podium comprise a number of readily recogniz- 
able movements and postures all of which originate in the contraction of 
smooth muscle, fibres contained within the wall of the foot and of its annectant 
ampulla. Text-fig. i, which illustrates schematically the arrangement and 
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Text-fig. i. Diagram of a longitudinal section through a foot and ampulla of A . rubens 
showing the arrangement of the principal muscle systems. 


distribution of the principal systems of fibres, shows two series of muscles, the 
vertically running circumferential fibres of the ampulla and the longitudinal 
retractor muscles of the column of the podium, which have long been recog- 
nized (Greeff, 1871). The figure includes, in addition, three muscle systems 
not previously figured, namely, the basal sheath of orienting fibres, the radial 
fibres of the terminal plate, and the levator fibres of the plate, while omit- 
ting, for reasons later to be given, the musculature of the sucker figured and 
described by Cu&iot (1891) and Chadwick (1923). 

The muscles are separated from the fluid-filled cavity of the foot and ampulla 
by a thin coelomic epithelium and are bounded externally by a layer of con- 
nective tissue, to the collagen fibres of which they are attached either along 
their entire length or at their extremities. When the muscles contract, they 
initiate movements of the foot either by pulling directly on its wall or by 
exerting pressure on the fluid contained within the virtually closed system of 


i 



Smifh-r-The Activities of the Tube Feet of Asterias rubens L. 3 

the foot and ampulla. It will be the purpose of this account to define the par- 
ticular muscle systems responsible for each activity and to examine the part 
played by antagonistic muscles, the hydrostatic skeleton, and the connective 
tissue sheath in the shaping of each movement and posture of the foot. 


III. Protraction and Retraction of the Foot 
Only brief reference will be made to these movements as their kinematics 
have been discussed in some detail in a previous paper (Smith, 1946). 





Text-fig. 2. a, b, and e. Diagrams showing the conditions of contraction and relaxation 
of the ampulla muscles and the retractor fibres of the foot during (a) protraction, (b) retraction, 
and (e) localized bending of the podium. Muscles in contraction are represented by the 
thicker, and relaxed muscles by the thinner, of the black bands, c and D show how the longi- 
tudinal and circular fibres of the connective tissue sheath within the column of the foot are 
arranged when the foot is (c) protracted, and (d) retracted. 


Protraction (Text-fig. 2A) is initiated by the contraction of the ampulla 
muscles whereby fluid is expelled through the neck of the ampulla into the 
cavity of the podium. The inner layer of the connective tissue sheath of the 
foot comprises circular fibres (Text-fig. 2a), which, being inextensible, resist 
the pressures exerted on the side walls of the foot by the contained fluid and 
prevent a lateral bulging of the column ; the effective pressure of the fluid is 
exerted against the terminal plate and the foot protracts. During protraction 
the longitudinal fibres of the outer layer of the collagen sheath, which in 
sections of a retracted podium (Text-fig. 2d) are seen to be much convoluted, 
gradually straighten; though at the normal limit of protraction (Text-fig. 2c), 
determined in the first place by the fluid content of the ampulla, they are still 
somewhat folded. By pulling at the foot it is possible to extend it farther, but 
attempts to stretch it beyond about twice its normal protracted length invari- 
ably result in the rupture of the wall of the column. In view of the observed 
degree of folding of the longitudinal fibres at various extensions of the foot it 
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seems reasonable to infer that amputation occurs at the point when the longi- 
tudinal fibres are fully tautened. 

Withdrawal of the foot is brought about by the contraction of the muscles 
of the retractor sheath, fluid being expelled from the diminishing cavity of the 
foot into the ampulla, the muscles of which relax. So long as the conditions of 
retraction are comparable around the entire periphery of the sheath the foot 
retains its cylindrical form (Text-fig. 2B), but if there is differential contraction 
of the individual fibres, the foot bends towards the more contracted side (Text- 
fig. 2e). Localized bending movements of this kind are invariably exhibited 
by feet during their withdrawal from the substratum at the end of the back- 
ward step (Text-fig. 7, A4). In this instance the curvature arises as a result 
of the difference in length of the posterior and anterior faces of the podium 
(relative to the direction of the step) : the former, being under greater tension 
at the moment of release, becomes concavely curved. As will later be shown, 
localized bending movements may also be evoked by unilateral stimulation of 
the foot column. 

IV. Attachment and Detachment of the Sucker 

Mucus undoubtedly plays an important part in the adhesion of starfish 
podia to solid surfaces, but the principal adhesive force in feet possessing a 
terminal sucker is provided by suction (Paine, 1926). Niemiec (1885) and 
Preyer (1886) attributed the suction effect to the cupping of the centre of the 
disk with a consequent lowering of the pressure within the fluid of the suction 
cavity. Whereas there has been general agreement on this point there is less 
unanimity concerning the disposition and role of the muscle systems by which 
the suction mechanism is operated. 

In 1891 Cuenot described and figured a system of radially arranged muscle- 
fibres within the sucker of the foot of A. rubens , distal to the terminal plate, 
and the view has been expressed (Sedgwick, 1927) that these muscles, by their 
contraction, cup the disk and fix the sucker. Notwithstanding Chadwick’s 
( I 9 2 3) confirmation of Cuenot’s account, it is certain, however, that these 
radial fibres are not muscle but connective tissue. In sections stained with 
Heidenhain s iron-alum haematoxylin or with Delafield’s haematoxylin and 
eosin, they may easily be mistaken for muscle, but when care is taken to 
differentiate myosin from collagen by the use of polychrome dyes such as 
Mallory s triple stain it is evident that muscle-fibres are absent from the disk 
and that the suction mechanism is operated by muscles wholly extrinsic to the 
sucker. 

Text-figs. 3 a and 3 B show the principal systems of muscle-fibres and the 
disposition of the collagen connective tissue as seen in a median sagittal section 
of an Asterias foot, the material used being fixed in Heidenhain’s ‘Susa’ 
mixture and stained in Mallory’s triple stain. Although many of the fibres 
of the retractor musculature have a distal termination on the side wall of the 
podium, some of them (the levator muscles of the diaphragm) converge 
towards and are attached to the central area of the terminal plate of connective 
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tissue. The upper and lower limits of the plate are indicated in the figure by 
the broken white lines and it will be seen that the centre of the plate (the 
diaphragm) is very much thinner than is its margin. The latter forms a 
thickened rim continuous, proximally, with the cylindrical connective tissue 
sheath investing the cavity of the foot. Distally, it is drawn out into a series 
of vertical laminae which thrust into the substance of the sucker as a series of 
radially arranged wedges, the arrangement of which is well seen in transverse 
sections through the sucker (Text-fig. 5A). Along a considerable part of the 
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Text-fig. 3. Diagrams of median sagittal sections through the distal end of (a) a protracted, 
and (b) a retracted, unattached, podium of A. rubens . The outlines of the foot and the distri- 
bution of the connective tissue (indicated by the black shaded areas) are, in each instance, 
accurately represented. Muscles are figured schematically. 

free margin of each lamina, and over the distal surface of the centre of the 
terminal plate, the connective tissue is frayed out into numerous strands 
(Text-fig. 3B), the individual fibres of which interdigitate with, and are attached 
to, the ectodermal cells of the sucker. When the muscles which are inserted 
on the upper surface of the diaphragm contract they cause it to be invaginated 
into the hydrocoel. The doming of the plate is clearly seen in sections through 
fully retracted, but unattached, feet (Text-fig. 3B). In this instance the ten- 
sions developed in the contracting musculature and transmitted through the 
collagen fibres of the sucker have caused a slight inward and upward rotation 
of the two laminae and a perceptible reduction in the diameter of the suction 
disk. A drawing-in of the disk is not, however, to be observed in feet the 
suckers of which are in contact with the substratum at the time of contraction 
of the retractor musculature. 

Under these latter conditions (Text-fig. 4A) the levator fibres of the dia- 
phragm exert a tension with a component ( N ) normal to its surface. The con- 
sequent tendency for the volume of the suction cavity to increase results in 
the pressure (p) within its contained fluid falling below the level of the pressure 
(P) acting on the outer wall of the foot. Suction will occur provided that the 
lateral wall of the cavity resists the tendency to collapse under the reduced 
pressure and provided also that the attached margin of the sucker does not 
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slip inwards. It is, of course, evident, in view of the fact that suction does occur 
when the leva|or fibres pull on the terminal plate, that’ there is neither slipping 
of the foot nor a collapse of its wall, but the interest of the mechanism lies in 
the manner in which the properties and arrangement of the muscles and con- 
nective tissue ensure the rigidity of the wall during suction. 



Text-fig. 4. a. Diagram of a median sagittal section through the distal end of a tube foot 
of A. rubens showing the distribution and direction of the forces acting on the wall of the 
suction cavity during the attachment and detachment of the sucker. (/>) is the pressure within 
the fluid of the suction cavity, (P) the pressure outside the foot. b. A part of the same section 
showing the orientation of the collagen fibres within the terminal plate and one of the radial 
laminae of the sucker. In both figures the connective tissue is shown in black, (a) the hori- 
zontally oriented fibres of the outer margin of the lamina; ( b ) the longitudinally oriented 
fibres terminating on the distal and inner edges of the lamina. 

The tendency of the margin of the sucker to slip inwards is resisted by 
centrifugally acting frictional forces (F) and by the horizontally and centrifu- 
gally acting components of the forces ( n ). These latter forces are the tensions 
developed in the connective tissue laminae of the sucker as a result of the con- 
traction of the retractor muscles N* N' inserted around the periphery of the 
terminal plate. The terminal plate and the laminae are composed of a net- 
work of collagen fibres which have the property of being inextensible when 
subjected to forces applied along their length. While (Text-fig. 4B) the proxi- 
mal face of the terminal plate is made up of closely matted circumferential 
fibres — in effect the most distal of the circular fibres of the inner zone of the 
cylindrical sheath of the column — the wedge-shaped laminae are composed 
of fibres which have a predominantly longitudinal orientation. As will be 
seen from Text-fig. 4B, some of the fibres (a) curve outwards to form the 
thickened margin of the upper and outer surface of the lamina, but for the 
most part (b) they run downwards while turning all the while towards the mid- 
line of the foot. The result of this arrangement is that by far the greater 
number of the fibres converge on the distal and inner margins of the lamina, 
to be inserted at right angles to its surface. It is along a length of the lamina 
exactly corresponding to the line of normal insertion of the main series of 
fibres that the collagen tissue is frayed out into the branching strands which 
ultimately terminate between the cells comprising the wall of the adhesive 
disk and suction cavity. The inextensibility of the collagen fibres, their 
orientation normal to the wall of the cavity and disk, and the arborescent 
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endings of the system collectively contribute to a mechanism that is admirably 
adapted for translating, with maximum effect, the tensions (N') developed in 
the contracting muscles of the retractor sheath into forces ( n ) acting outwards 
from ail parts of the lateral wall of the suction cavity. The rigidity of the wall 
of the cavity being thereby assured, the suction mechanism can operate on the 
principle of a piston (the central diaphragm of the terminal plate) tending to 
be drawn up within a rigid cylinder (the margin of the sucker). 



C 


Text-fig. 5. a and b. The structures seen in transverse section of the distal end of a foot 
of A. rubens. A. Below (distal to) the terminal plate. B. Through the upper (proximal) surface 
of the terminal plate, c is a drawing of the mucous print of an attached sucker. The area of 
contact of the sucker with the substratum is shown in black. 

Mucous prints left by the suction disk (Text-fig. 5c) show that, in addition 
to the main suction cavity, there are a number of subsidiary spaces function- 
ing as secondary centres of negative pressure. As will later be shown (p. 8), 
they may in addition play an important part in effecting the detachment of 
the disk. 

The primary condition of detachment of the sucker is that the forces tend- 
ing to hold it to the substratum shall be opposed by greater forces acting in the 
opposite direction. Forces tending to pull the foot away from the substratum 
may be generated within the foot itself or be applied externally by the traction 
of the animal as a whole as, for example, during locomotion. As we have 
seen, however, the negative pressure of suction will hold against these traction 
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forces beyond the point of rupture of the column of the foot and of amputation 
of the podium. Before a foot can be withdrawn undamaged from the substra- 
tum its disk must first cease to act as a sucker. 

Absence of suction implies that the pressure within the fluid of the suction 
cavity has become equilibrated with the pressure acting on the outer wall of 
the disk. There appear to be two possible ways of effecting this change: (i) 
by allowing the outside sea-water to communicate with the fluid of the suction 
cavity, and (2) by the exertion of a pressure on the walls of the suction cavity 
equal to the negative pressure of suction. 

It will be seen on examining a sucking disk prior to and at the moment of 
withdrawal of the foot from the substratum that, on occasions, the margin of 
attachment exhibits a slight wrinkling. One effect of this wrinkling will be to 
enlarge some of the subsidiary cavities of the suction disk and to permit of 
their communication one with another. If the water channels so formed 
lengthen sufficiently in a radial direction they will ultimately open both to the 
outside of the disk and into the central cavity and the disk will no longer be 
able to adhere by suction. The frequent detachment of the foot immediately 
after wrinkling has occurred appears to offer direct evidence of the actual 
operation of this mechanism. 

It is, however , more usual for sucking disks to become detached without the 
occurrence of any previous wrinkling. In this event the walls of the suction 
cavity have presumably been subjected to forces tending to press them in- 
wards and so to increase the pressure within the contained fluid. As will be 
seen by reference to Text-figs. 3 and 4A, there are no mechanisms by which 
an inwardly acting pressure can be exerted on the lateral walls of the cavity. 
These walls, solidly built and firmly attached at their base to the substratum, 
will not, moreover, yield to centrifugally acting forces such as will be developed 
when the pressure within the suction cavity rises. In the detachment, as in 
the attachment of the sucker, they therefore remain relatively immovable 
and rigid. 

The central diaphragm of the terminal plate, forming the roof of the cavity, 
is, however, in different case. A thin circular disk with a slight convexity into 
the hydrocoel, it has attached to its upper surface a number of radially 
arranged muscle-fibres (Text-figs. 3A, 5B, radial muscle) which, originating on 
the inner margin of the thickened rim of the terminal plate, are inserted at the 
centre of the diaphragm. It will be evident that the whole relations of these 
radial muscles, their limitation to the one part of the wall of the suction 
cavity that is capable of being distorted, their radial arrangement, and their 
origin on a relatively immovable plate, are such as to ensure that, on contract- 
ing, they will exert forces acting tangentially to the surface of the diaphragm 
(Text-fig. 4A (T)) and so, by tending to depress the diaphragm, will cause a 
rise in pressure within the fluid of the suction cavity and the eventual cessation 
of suction. 

The two methods of release from suction, by a wrinkling of the sucker and 
by the exertion of tangentially acting forces on the surface of the central 
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diaphragm of the terminal plate, are both brought about by the contraction of 
the radial muscles. Attachment of the sucker results from the contraction of the 
longitudinally oriented levator fibres of the diaphragm. Consequently these 
two systems of muscles are functionally antagonistic. Since, however, they 
may at times be in simultaneous contraction, as, for example, at the moment 
the sucker is pulled away from the substratum, they cannot be regarded as 
standing solely in the relation of reciprocally contracting and relaxing systems. 
It is interesting in this connexion to note, as will be shown in a later 
communication, that they are innervated through different systems of nerve 
arcs. There is accordingly no a priori reason why they should always act 
reciprocally. 

V. Postural Pointing 

These activities include all postures of the feet that can be said to be 
oriented in the sense that the podia, instead of hanging vertically downwards 
from the under surface of the arm, have their long axes directed obliquely to 
the surface. Postural pointing is exhibited during the various phases of the 
ambulatory step (Text-fig. 7B, 1-4), and in lateral pointing, in which latter 
movement the foot swings directly outwards from the mid-line of the arm. 

Hamilton (1922) alone of previous authors has considered the implications 
of these postures in terms of the muscular anatomy of the foot. He found 
that the distal part of the column of a starfish foot can be twisted without 
affecting the angle of orientation of the podium, and concluded from this that 
the orienting musculature must lie towards the base of the foot. One doubts 
whether it is possible to draw this conclusion from a repetition of Hamilton’s 
experiment on the foot of A. rubens . The podium, if allowed to attach to a 
needle, can be twisted readily enough but its orientation, while so attached, is 
too much influenced by external forces for any assessment to be made of the 
freely developed angle of orientation. Moreover, as soon as the needle is 
removed, the foot withdraws and its former pointing attitude is lost. 

The occurrence of a basal orienting musculature can, however, be justified 
on other grounds, in spite of the fact that it is not to be distinguished in 
sections of the foot as an anatomically distinct system of fibres. When longi- 
tudinal sections through a foot, killed and fixed in the pointing position, are 
examined (Text-fig. 6) it is seen that the side of the podium which makes an 
acute angle with the under surface of the arm is not curved but is wrinkled 
at its base. These circumstances suggest that pointing results from the uni- 
lateral contraction either of short fibres within the base of the foot or of the 
most proximal parts of the long fibres of the retractor sheath. The latter 
hypothesis leads to evident difficulties. It necessitates, for example, the sup- 
position that, during the change from the retracted (Text-fig. 7, bi) to the 
protracted pointing position (B 2 ), the basal part of each o^ the protagonistic 
fibres remains contracted at a constant length while its more distal portion 
undergoes extension. Or again, it requires that, during the backswing of 
the foot (Text-fig. 7, B2 to B3), the proximal parts of the protagonistic and 
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antagonistic fibres shall undergo reciprocal contraction and relaxation while 
maintaining a substantially unaltered length distally. While such sequences 
and combinations of accurately graded differential contractions within the 
limits of a single fibre, applying mutatis mutandis to all the fibres of the ring, 
are not beyond the bounds of possibility, it seems more reasonable to suppose, 
in view of all the circumstances, that the postural and retractor muscles not only 
function as, but are indeed, in actual fact, morphologically separate systems. 



It must further be supposed, since the foot can be directed towards any point 
of the compass, that the orienting muscles, like the retractor fibres, comprise 
a cylindrical sheath which, in this instance, consists of short fibres encircling 
the base of the podium. 


VI. Locomotory Stepping 

During locomotion all the ambulatory feet step in the line of advance of 
the starfish. The form of the locomotory step is shown in Text-fig. 7A. A 
retracted podium first orients with its tip thrust forward (ai). The foot then 
protracts and, when fully extended (A2), swings back through an angle of 
about 90° with the sucker pressed against, but not firmly attached to, the 
substratum. This pendulum-like movement has the effect of thrusting the 
base of the foot forward relative to the sucker, and the sum of the forward 
thrusts of all the stepping feet determines the movement of the animal as a 
whole. At the end of the backswing (A3) the sucker detaches and the foot is 
withdrawn. During the withdrawal movement the foot re-orientates so as 
again to point in the forward direction (ai). 

The step is thus a cyclical activity, comprising a series of linked movements. 
Ideally it should consist of four movements — protraction, swing back, retrac- 
tion, and swing forward — alternating with four transitory phases of static 
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posture (Text-fig. 7, B1-B4). Each posture would be characterized by the 
static contraction of one member of each of the two opposing pairs of muscles 
engaged in the execution of the step, namely, the protractor-retractor series 
and the diametrically opposed protagonists and antagonists of the orienting 
ring, the four postures representing the four possible combinations of action 
of the two pairs of opposing muscles. These conditions are set out in Table I 
below, muscles in contraction being represented in the larger, and relaxed 
muscles in the smaller, type. 



Text-fig. 7. AI-A4. The successive phases of the ambulatory step. 111-B4 show the con- 
ditions of contraction and relaxation of the protractor, retractor, and postural muscles of the 
foot during the successive phases of static posture of the ‘ideal’ step ; the protractor and retrac- 
tor muscles are shown in black, the orienting (postural) fibres are stippled. The anterior 
postural fibres orient the foot in the forward direction, the posterior fibres in the backward 
direction of the step. 

As the arrows in Table i indicate, each phase of static posture ends, and a 
new movement begins, with a reversal of the contraction-relaxation relation- 
ships of one of the two pairs of opposing muscles, the stepping cycle compris- 
ing, in its ideal form, a regular alternation of such changes, first one and then 
the other pair of muscles being affected. 

The actual locomotory step departs from the idealized cycle in certain 
particulars. As has already been noted, the phase of posteriorly oriented pro- 
traction (Text-fig. 7, B4) is omitted : the foot in passing directly from phase 3 
to phase 1 combines the movements of withdrawal and of anterior orientation. 



Table I. Static phases of the 'ideal' step 
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Evidently, at this time, two sets of muscles— the retractor muscles of the 
foot and the anterior postural muscles— are in simultaneous contraction. 
Secondly, the smooth rhythm of the step is liable to become dislocated. There 
is a tendency for the foot to remain poised, often for some seconds, either in 
the position of anteriorly oriented retraction (bi), or (more frequently) of 
anteriorly oriented protraction (bz), the podium hesitating either to begin its 
movement of protraction or to initiate the backswing. These three modifica- 
tions of the idealized cycle are explicable on the assumption that in each of the 
two series of opposing muscles one member of each pair is more readily 
excited to contract than is its partner. Thus, in the protractor-retractor series, 
the foot muscles are more readily excited than are those of the ampulla while, 
in the orienting ring, the anterior fibres respond more readily than their pos- 
terior antagonists. Some implications of these events will be discussed in a 
later paper when the nervous mechanisms underlying stepping activity are 
examined. 
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Summary 

1 . An account is given of the muscular anatomy of the foot and ampulla of 
Asterias rubens. An intrinsic musculature of the sucker figured by Cuenot 
(1891) and Chadwick (1923) is shown not to be present; on the other hand, 
postural muscles responsible for orientating the podium, levator fibres which 
‘cup’ the sucker, and radial fibres which flatten it are described and figured 
for the first time. 

2. The role of the different muscle systems, the collagen connective tissue, 
and the fluid of the hydrocoel in protracting and retracting the foot, and in 
effecting the attachment and detachment of the sucker, is discussed. 

3. Evidence is presented to show that postural pointing of the foot is 
brought about by the contraction of a ring of muscles encircling the base of the 
podium. The orienting muscles are functionally, but not anatomically, dis- 
tinct from the longitudinal fibres of the retractor sheath. 

4. The ambulatory step is shown to comprise a series of linked phases of 
static posture and of movement. Each phase is characterized by the contrac- 
tion of one member of each of the two opposing pairs of muscles engaged in 
the development of the step. The two pairs of muscles are (1) the anterior 
and posterior orienting fibres, and (2) the protractors and retractors of the foot. 
In its ideal form the step comprises four phases of static posture alternating 
with four movements. Each movement is ushered in by a reversal of the con- 
traction-relaxation relationships of one of the two pairs of opposing muscle 
systems. Four such changes are possible and they occur in a sequence that 
ensures the orderly succession of the four movements of protraction, swing 
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back, retraction, and swing forward, of which movements the idealized stepping 
cycle is composed, 

5; The actual locomotory step departs from the ideal form in two respects : 
(i) it is liable to become disrupted by a delay in the initiation of the protrac- 
tion or of the backs wing movement, and ( 2 ) withdrawal of the podium occurs 
simultaneously with its re-orientation in the forward direction. It is pointed 
out that these variations are explicable on the assumption that, in the two 
series of opposing muscle pairs, the retractor fibres are more readily excited 
to contract than are their antagonists, and the anterior postural muscles than 
the posterior postural fibres. 
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The Nephridia of Geonemertes dendyi 

BY 

C. F. A. PANTIN 

( From the Zoological Laboratory , Cambridge ) 

With five Text-figures 

G EONEMERTES DENDYI (Dakin) is a terrestrial nemertine. The 
genus has a predominantly Australian distribution, but in recent years 
this species has been recorded from the western parts of England and Wales 
(Waterston and Quick, 1937; Pantin, 1944). In this genus the nephridial 
system is highly developed, and its structure in several species has been 
described by Hett (1924), Coe (1929); and others. Stammer (1934) mentioned 
the existence of a nephridial system in G. dendyi but did not describe it. The 
present work arose from a study of this species collected in South Devon, in 
all stages from the newly hatched young to the adult. The nephridial system 
proves to be at least as highly developed in this as in other species, and there 
are points of some interest regarding its function. 


Methods 

The flame-cells and the proximal part of the tubule system into which they 
open are easily detected in living worms owing to their ciliary activity, particu- 
, larly in newly hatched larvae (about 1 mm. long) and immature specimens of 
about 3-4 mm. in length. The distal parts of the tubule system show no signs 
of ciliary activity and have not yet been observed in life. 

The system is best seen if the worms are immersed in tap- water and slightly 
compressed with a large coverslip, or held by a small square of wet cellophane 
covering a shallow hanging drop on the underside of a coverslip above a moist 
chamber. For prolonged observation under a powerful light, absorption of 
heat-radiation entering the condenser is essential. 

For micro- anatomical studies the best fixatives were found to be Susa, and 
Zenker in which formic acid is substituted for acetic. Brief preliminary 
anaesthetization with 5-10 per cent, ethyl alcohol had no apparent ill effects 
and enabled the specimen to be fixed without distortion. This was done 
by arranging the animal on a waxed coverslip, covering it with a piece of 
moist cigarette paper, and dropping it face down on the fixative. Convenient 
stains were Mallory’s Triple Stain, ‘Azan’, and Heidenhain’s Iron-Haema- 
toxylin with or without Masson’s Ponceau-Light Green used as counterstain. 
Paraffin sections 4/x-io/x were cut, commonly after Peterfi’s celloidin-paraffin 
method. 

[Q.J.M.S., Vol. 88, Third Series, No. 1.3 ( 15 ) 
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Structure 

In general the nephridia of G. dendyi conform to the plan described by 
Hett (1924) in G. hillii , and by Coe (1929) in G. agricola. The flame-cells are 
exceedingly numerous beneath the dermal musculature. The terminal ducts 
from groups of them unite in a common canal, the ‘end-canal’, which passes 
to a glandular tubule from whence goes a final efferent duct to oite of a 


attachment strands 



a. Living flame-cells and end -canal with helical ciliary wave. B. Isolated active flame-cell 
from squashed specimen, showing basal granules and partial fraying of end of ciliary 
flame. C. Flame-cells and end-canal : Formic-Zenker and iron haematoxylin. 


very large number of external openings of the system, scattered all over 
the body. 

Text-tigs. 1 A, B, and c illustrate living and fixed flame-cells of G. dendyi. 
In fixed material the terminal chamber is 12-17/u, long by 3*5/x broad, thus 
being slightly smaller than those of G. agricola y but decidedly larger than those 
in G. hillii. Active living flame-cells are considerably broader than fixed ones, 
averaging about 17/i, by 4*5 fx. Though it is difficult to measure them alive 
except during activity, their size seems to diminish somewhat when the ciliary 
flame stops moving, and their smaller size when fixed may not therefore be 
entirely an artifact of fixation. 



Pantin — The Nephridia of Geonemertes dendyi 17 

The head of the cell is occupied by a mass of protoplasm which in fixed 
material appears to be attached to neighbouring structures in the parenchyma 
by two or three fine strands. As in G. hillii, but unlike G . agricola , there is 
only one nucleus in the head of the cell and none in the wall of the terminal 
chamber. Indications of two or three thickened bands may be seen encircling 
the terminal chamber, but they do not seem to be as evident as those in 
G . agricola. 

In life the terminal chamber is somewhat flattened in a plane parallel to 
the surface of the worm. Within this tube and lying in the same plane is the 
powerful tongue-like ciliary flame. Like the flame itself, the sides of the 
chamber are roughly parallel until near the tip, where they converge to its 
end-canal. 

A clearly defined cushion of protoplasm caps the head of the chamber. 
Along this cap is a row of basal granules from whence arise the long individual 
cilia which compose the flame (Text-fig. 1 b). In life the cilia are fused to- 
gether, though they gradually separate under adverse conditions, a ragged 
separation first appearing at the tip. The living ‘flame’ is highly refractile 
and easily seen. 

During activity, sinusoidal waves of contraction pass down the tongue-like 
flame with a frequency which varies from just above the flicker rate (c. 10 per 
sec.) down to about two a second. At any moment, two to three complete 
waves are in progress along the flame, their amplitude being about half a wave- 
length. Under conditions to be described later, the flame may gradually stop. 
As it does so, the frequency falls off without any change in wave-length or at 
first in amplitude. On cessation of the beat, the waves may be left for a 
moment ‘standing’ and then disappear, leaving the flame extended. As this 
condition is approached, waves may cease to be propagated along the whole 
length of the flame. 

The active flame almost fills the terminal chamber when viewed in breadth. 
Viewed sideways, the flame does not fill the chamber when at rest, but during 
activity the crests of the waves seem to do so, a fact of importance in consider- 
ing the mechanical efficiency of the flame-cell. At rest, the flame extends 
straight down the chamber, as it often does after fixation in 70 per cent, ethyl 
alcohol. Fixation in Susa and Zenker leaves the flame in wave form, often 
exaggerated. 

The staining reactions of the flame in some ways resemble those of the 
nearby muscle-cells rather than those of the cilia of the ectoderm. It has a 
strong affinity for acid fuchsin, and the dark colour of iron haematoxylin is 
retained nearly as long as in the muscle during differentiation. 

Text-fig. 2 shows the relation of the flame-cells to the rest of the nephri- 
dium. The flame-cells are usually in pairs, the terminal ducts of which join 
after a short distance (Text-fig. 1). A branched end-canal receives the ducts 
of several pairs and ultimately passes into a glandular duct. Terminal ducts 
and end-canals have moderately thin walls with scattered nuclei but without 
apparent cell-boundaries. In G. agricola the end-canals open directly into 
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the glandular part of the nephridial duct, which is convoluted (Coe, 1929). 
In G. hillii they are in addition frequently coiled (Hett, 1924). In G . dendyi 
the end-canals appear to be more highly organized. Branches from the 
terminal ducts of the flame-cells unite to form a canal which commonly runs 



A. Flame-cells, end-canal with convolution, glandular canal. 
b. Glandular canal, efferent duct, excretory pore. 

fairlv straight for a considerable distance. As it does so the canal widens 
from about 2 /la to 4 /la in diameter, and the walls thicken slightly. The 
canal then undergoes two or three convolutions, after which it passes into a 
thick-walled glandular part of larger cross-section but of rather smaller lumen. 
This glandular part generally continues the convolution (Text-fig. 2 a). The 
convoluted portions of both end-canal and glandular duct are contained in 
well-defined spaces in the parenchyma. During life the end-canal is easily 
seen owing to the ciliary movement. This is absent in the terminal ducts. The 
movement begins in the branches of the end-canal and becomes stronger as 
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the convolution is approached. Ciliary movement in the convolution presents 
a striking appearance. It seems to finish abruptly at about the point where 
sections show the glandular region to begin. Fixed material shows that the 
lumen of the end-canal carries long fine helical fibrils, apparently cilia (Text- 

fig- 3 A )- 

The action of the cilia gives the appearance of helical waves running rapidly 
down the end-canal and round its convoluted portion. That the motion is 



Text-fig. 3. Camera lucida outlines. 

A. Convoluted end-canal with cilia, b. Part of glandular canal in lacuna of parenchyma. 

helical, and not a plane wave as in an undulating membrane, is apparent from the 
fact that it can be seen from whatever angle the canal is viewed. The appear- 
ance (Text-fig. 1 a) resembles that seen in the nephridial ducts of Lumbricus. 

No cilia can be seen beyond the convoluted end-canal in life, and none can 
be detected in sections of the glandular canal or efferent duct to the exterior. 
The walls of the glandular canal are thick and granular and have the well- 
marked radial structure recorded by authors in other species (Text-fig. 3 b). 
In poorly fixed material the radial fibres actually separate, giving the tubule 
the appearance of a contorted bottle-brush. As in other species, there are 
scattered nuclei, but no cell boundaries are evident. Evidence will be pre- 
sented later that the end-canal with its convolution and the glandular canal 
are physiologically distinct. 

The glandular canal finally leaves the lacuna of the parenchyma occupied 
by the convolution, and may run some distance in a fairly straight path 
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(Text-fig. 2 A and b). The histology of the duct then changes again to that of a 
thin-walled tube. This, after running just beneath the basement membrane, 
abruptly enters one of the numerous excretory pores. These consist of a 
hollow flask-shaped cell resting on the basement membrane and opening to 
the exterior by a minute pore (Text-fig. 2 b). How numerous these pores are 
is shown in Text-fig. 4, taken from a tangential section through the dorsal 
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Text-fig. 4. Tangential section through dorsal surface. 

surface and basement membrane. Over much of the surface they are only 
50-100 fx apart. 

Anatomical Relations 

The body of G. dendyi differs from that of most marine metanemertines in 
the thinness of the muscular body- wall and the voluminous parenchyma. The 
latter consists largely of connective tissue divided into well-defined lacunae 
and channels containing structures such as the convoluted tubules of the 
nephridia and the blood-vessels. It is this tissue which varies most clearly in 
volume according to the water content of the animal. 

The thin muscular layer lies immediately below the basement membrane, 
and among and immediately below the innermost muscle-fibres, the longitu- 
dinal ones, lie the flame-cells. In G. dendyi they are confined to this plane 
and do not seem to occur in other situations, such as below the surface of the 
.rhynchocoel. They are most numerous over the head and along the sides of 
the body. They are fewer along the mid-ventral line, and fewest along the 
mid-dorsal line, above the rhynchocoel. Text-fig. 5 a shows the distribution 
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of flame-cells on the upper surface of a newly hatched (i mm.) larva. As the 
animals grow, the relative number of flame-cells increases even more rapidly, 
so that over the head and sides no point on the surface of the animal is more 
than 10-20 /x from one of these structures. Water entering or leaving the body 
must pass near one or more of them. 




Text-fig. 5. 

A. Head of immature larva showing distribution of active flame-cells: arrows show' direction 

of flame, b. Sketches of flame-cells showing sw elling of terminal ducts after compression. 

Below the muscular layer and among the nephridia there ramifies a network 
of fine contractile blood-vessels, derived from the lateral vessels. As Coe 
(1929) points out in other species of Geonemertes, so also in G. dendyi the 
flame-cells are not in intimate contact with the vessels, as they are in some 
marine nemertines; they are, however, always near them and occupy the 
same stratum below the muscle layer. 

The convoluted tubules in their lacunae of the parenchyma lie distinctly 
deeper than the flame-cell-vascular layer. The efferent ducts running out 
from these ultimately make their way again to the surface. 

Function of the Protonephridia 

Since the time when Goodrich (1899) made the suggestion that the soleno- 
cytes of Glycera are functionally analogous to the Malpighian corpuscles of 
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the vertebrate kidney and excrete fluid, the analogy has been extended to 
other protonephridia, particularly in Platyhelminthes (Reisinger, 1922; 
Westblad, 1922). Apart from the fact that the flame-cell system of freshwater 
Turbellaria is much better developed than that of their marine relatives, there 
is direct evidence in various acoelomates that water is excreted by such 
systems. Water can be seen to accumulate in the contractile bladders of some 
Rhabdocoela, Trematoda, and Rotifera, and to be periodically emptied. 
Herfs (1922) showed that in certain cercariae the rate of water secretion 
decreased as the osmotic pressure of the external medium was increased. 

In G. dendyi there is no doubt that the upper part of the protonephridial 
system secretes fluid. If a relatively transparent individual is left for a time in 
fresh water and then compressed under a coverslip, the flame-cells and the 
ducts leading immediately from them can sometimes be seen to swell during 
the course of 10-15 minutes (Text-fig. 5 b). This is most often to be seen in the 
flame-cells that are farthest from the edge of the animal, and are therefore 
the most subject to compression. 

Observation shows that there is a relation between excretion of water and 
the activity of flame-cells. During life this is often intermittent, or the cells 
may even be inactive for long periods. No swelling of the tubule system has so 
far been seen except when the ciliary flame is active. Moreover, the activity 
seems to be related to the water-content of the internal medium. It is absent in 
animals that have been allowed partly to dry, but is resumed if the animal is 
immersed for a time in tap-water. If an animal showing intermittent activity 
of the flame-cells is examined under a coverslip, it is seen that local groups of 
the cells begin to be active more or less simultaneously. Later, all gradually 
stop, though some continue to beat many minutes longer than others. Renewed 
activity often promptly follows local movements in the worm, either con- 
traction of the body or the peristalsis of a blood-vessel in the neighbourhood 
of the flame-cell. Immobility of the worm is always followed sooner or later 
by inactivity of the ciliary flames, except those on the edge where the body is 
in contact with water under the coverslip. Activity of the flames can often be 
engendered by slightly raising and lowering the coverslip — as when focusing 
an oil-immersion lens when the coverslip is unsupported. Thus anything 
which tends to stir the internal medium round the flame-cells leads to the 
activity of the flame, while stagnation of the medium is correlated with inac- 
tivity. 

If an animal with active flames is carefully squashed under a coverslip, it is 
possible to reach almost complete disintegration of the tissues while the indi- 
vidual flame-cells still beat for a time. If when they cease to be active, tap- 
water is allowed to run under the coverslip, the flames restart — even though 
they sometimes appear to be more or less isolated from neighbouring cells 
and detritus. It is possible to revive the activity of the flame-cells in the 
squashed mass by irrigation several times in succession. It is even possible 
sometimes to revive them by lifting the coverslip with some adhering cell 
debris and flame-cells and remounting it in a fresh drop of tap-water. It is 
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remarkable that the flame-cells should be able to resume or to continue their 
activity after breakdown and removal of much of the surrounding tissue. 

Discussion 

It is difficult to avoid the conclusion that dilution of the internal medium of 
the parenchyma is a stimulus to the activity of the flame- cells. And since 
under conditions of activity water appears to pass into the nephridial system, 
it is natural to suggest, in conformity with common opinion, that the ciliary 
flame actually drives water into the system. But Carter (1940) has pointed out 
a difficulty in assuming the mechanism is powerful enough for this purpose. 
Ciliary and flagellar mechanisms elsewhere in the animal kingdom have not 
been shown to be able to produce large differences of pressure. Parker (1919) 
found the oscular pressure of the sponge Stylotella to be 3*5-4 mm. of water. 
Such pressures would be wholly inadequate for the separation of water from 
the salts in the body fluid. But they might suffice to overcome a very low 
colloidal osmotic pressure (cf. Picken, 1937), and Reisinger (1922) suggested 
that in the excretion of water by flame-cells the colloids of the body fluid 
might be kept back. The mechanical plan of a flame-cell seems to be far more 
efficient than that of the flagellate chamber of a sponge for the creation of a 
pressure-difference. 

It has been suggested (Carter, 1940) that the cilia of flame-cells may not 
function as a pump, but rather as a stirring mechanism to prevent accumula- 
tion of substances which would hinder a process of active secretion. But 
since fluid is passing into the tubule system it seems unlikely that there could 
be such an accumulation on the inner boundary of the terminal chamber. 

While it has not been possible to obtain a direct demonstration that the 
ciliary flame in G. dendyi is responsible for the flow of fluid into the tubule 
system, the observations recorded here certainly suggest this. Due weight 
must be given to the fact that if a ciliary mechanism can exert the necessary 
pressure-difference at all, the mechanical design of a flame-cell, as seen in 
operation, seems admirably adapted for such a purpose. Further, there is 
evidence that some pressure at least is set up by the action of the flame. If the 
tissues of an animal are gently squashed under a coverslip so as partly to 
separate the flame-cells from the surrounding tissues, the action of the flame 
sometimes causes visible oscillations of the base of the cell. Since the flame is 
apparently free inside the terminal chamber, the oscillation is presumably due 
to pressure-differences set up within the chamber. 

Whatever the part played by the ciliary flame in the process, the evidence 
suggests that the nephridia of G. dendyi excrete water. But though it is easy 
to relate the development of the nephridia of freshwater acoelomates to an 
inevitable osmotic intake of water from the medium, the existence of a 
mechanism for excreting water in a terrestrial animal is remarkable. Such an 
animal might be expected to provide against loss of water rather than for its 
excretion. Loss of fluid in G. dendyi may certainly be great. The worms 
normally range from 1 to 20 mm. in length by 0*5 to 3 mm. in breadth. They 
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continually secrete a tube of mucus in which the animal moves forward during 
locomotion, through the action of cilia which completely cover the body. Loss 
of mucus and evaporation cause the body visibly to diminish in size when 
exposed to an unsaturated atmosphere. When unable to escape to a moister 
place the animal ceases to move and the outer mucus hardens to a transparent 
cocoon in which water loss appears to diminish. Such cocoons, however, are 
sometimes formed to provide an aqueous medium for the eggs which are 
shed into them, together with a quantity of fluid. This is a further tax on 
water reserves, though the eggs are normally laid in very damp situations, 
where there may even be a film of running water. But the most rapid loss of 
water takes place when the proboscis of the worm is everted. This is primarily 
a flight response in this species, and when it occurs so much mucus is lost that 
after three or four eversions the animal becomes visibly smaller. 

But while water loss may sometimes be considerable, it is incorrect to sup- 
pose that desiccation operates continuously. The worms live under damp 
stones and logs, particularly in woods where low vegetation impedes the 
drying action of the wind. They possess strongly developed responses, 
particularly positive geotaxis and negative phototaxis, which remove them 
from exposed situations. In a gradually drying vivarium they can be seen to 
bury themselves. Though sometimes to be found far from fresh water, they 
may be taken from under a log, of which the other end lies in a film of water 
sufficient to support Planaria vitta . They are often found in contact with dew 
or rain-water, and survive immersion in fresh water for some days, though not 
indefinitely. The worms are, in fact, frequently exposed to pure water: a 
situation more exacting than that to be met by many freshwater organisms. 
Their natural conditions of existence are thus not those of continuous desicca- 
tion, but may vary between this and excessive hydration. Hence any regu- 
lating mechanism must be able to deal with extremes of water conditions. 
The evidence presented here shows that the nephridial system can eliminate 
excessive water, and that under conditions of water loss the ciliary flames 
become inactive. What part is played by the highly differentiated portions of 
the nephridial canal remains to be seen. 

I wish to express my gratitude to Mr. O. D. Hunt and Mr. B. W. Sparrow 
for much help in the collection of specimens. 

Summary 

1. The nephridia of the terrestrial nemertine Geonemertes dendyi are 
described. The flame-cells are in groups, each of which communicates with 
the exterior by its own duct. The flame-cells open into the branches of a 
ciliated end-canal. Distally this end-canal executes a number of convolutions 
and then passes into a non-ciliated glandular canal. The first part of the 
glandular canal is also convoluted, and the distal part of it passes to the efferent 
duct. 

2. The nephridia are distributed over most of the surface Of the animal 
immediately below the muscular layer. The convolutions of the end-canals 
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and glandular canals lie somewhat deeper, in well-defined lacunae in the 
parenchyma. 

3. Evidence is presented that fluid can be excreted into the nephridia. The 
activity of the flame-cells varies with the degree of hydration of the animal 
and may cease on desiccation. The flame-cells can be stimulated to activity 
by dilution of the body fluid of crushed animals with tap-water. The relation 
of water excretion to the mechanical activity of the flame-cells is discussed. 

4. Some features of the natural habitat and the water relations of the animal 
under natural conditions are described. It is pointed out that the animal may 
have to contend not only with desiccation but with excessive hydration. The 
physiological consequences of hydration appear to be met by the flame-cell 
mechanism. 
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The Behaviour of Mammalian Skin Epithelium under 
Strictly Anaerobic Conditions 

BY 

P. B. MEDAWAR 

(From the Department of Zoology and Comparative Anatomy , Oxford) 

With eight Text-figures 

I N the course of some experiments on the nature of skin transplantation 
immunity, it became necessary to find out for how long (if at all) mamma- 
lian skin epithelium can survive in the total absence of atmospheric oxygen. 
The results of the investigation are summarized here in the hope that they 
may be useful to other students of tissue behaviour. 

Methods 

Principle. Small squares of thinly sliced skin are removed from the body, 
placed in an adequate quantity of a ‘physiological' fluid, incubated in an 
atmosphere of hydrogen, and then, after varying periods, returned by a 
grafting operation to the animal from which they originally came. The out- 
growth of epithelium from such grafts constitutes a proof of their survival 
that is hardly subject to error (Medawar, 1944). 

Preparation of the skin slices. Rabbits’ skin has been used throughout. 
The skin of the chest or belly is shaved 4 days before the experiment, in order to 
toughen the otherwise very fragile cuticular layer and to thicken the epidermis. 
It is undesirable to use so-called ‘pigmented’ skin or skin of the spongy 
hyperaemic type that grows hairs very quickly. Skin of this active type may 
have an abnormally high metabolic requirement (cf. Peyton Rous, 1946). 

On the day of operation, the rabbit is anaesthetized with ether and the 
shaved skin area washed for one minute with a cotton-wool swab soaked in a 
1 \ per cent, solution of cetyltrimethyl-ammoniumbromide (‘CTAB’, ‘Cetav- 
lon’, a cationic soap: Barnes, 1942). The soap is removed with a fine jet of 
surgical spirit, and the skin surface at once dried with sterile swabs and very 
thinly coated with sterile vaseline applied with a glass rod. A central part of 
the area is divided into a grid of squares of side 3 mm. by very light scalpel 
incisions; the squares are then sliced off by using a ‘Durham Duplex’ razor 
blade firmly clamped in stout Spencer- Wells forceps, or a newly stropped 
straight-edge scalpel blade (e.g. Swann-Morton No. 11). After cutting, the 
grafts are placed raw side down in a Petri dish containing a circle of filter 
paper that has been damped with Ringer’s solution. 

Preparation of the incubation media. Serum is prepared from the skin 
donor by withdrawing 10-30 ml. blood from the median artery of the ear, 
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previously washed, shaved, and rendered hyperaemic by rubbing with a little 
xylene. The blood is allowed to clot spontaneously and then briskly spun. 
The saline solutions that replace serum in some of the experiments described 
below are Krebs-Ringer-bicarbonate or Krebs-Ringer-phosphate, in each 
case containing a final concentration of 1 : 100,000 phenol red and 20 u./ml. 
streptomycin (see below). The ‘iodoacetate’ referred to below is prepared by 
dilution of an M/100 solution made up as follows: 0 465 g. monoiodoacetic 
acid is dissolved in about 200 ml. water containing 2*5 ml. 1 : 1000 phenol red. 
2 'SO ml. N/i NaOH solution is run in slowly, and the volume made up to 
250 ml. by the addition of further water. 

Technique of incubation. The ‘cultivation* 
of the skin squares is simply a matter of 
floating them raw side down, in pairs, on 
5 ml. culture fluid in standard 50-ml. conical 
flasks with B-19 size ground-glass stoppers. 
In ‘aerobic* control experiments the gas 
medium is simply air. It is desirable, but not 
absolutely necessary, that the flasks should be 
shaken from side to side during the run of the 
experiment by a slow tilting or rocking motion ; 
and also desirable, but again not necessary, 
that the flasks should be incubated in a 38° C. 
water bath rather than in a bacteriological dry 
air incubator. 

The technique for anaerobic incubation 
requires the fitting of a similar conical flask 
with a stoppered side tube (as in manometric 
apparatus) to the ‘unit* illustrated by Text- 
fig. 1 . The principle of anaerobic culture is to 
grow the tissues in an atmosphere of cylinder 
hydrogen from which the last traces of oxygen 
have been catalytically removed by a heating 
element wrapped around asbestos impregnated 
with metallic palladium. This technique was 
introduced in bacteriology by Laidlaw (1915), and the ‘element’ illustrated 
in Text-fig. 1 is the standard fitting supplied with Mclntosh-Fildes’s anaerobic 
culture jars. The side tube of the culture flask contains an oxygen indicator. 

The following is a step-by-step account of a method that has given satis- 
factory results. Five ml. culture fluid are put into the culture flask, followed 
by the two skin squares. The side tube is then filled with about 1 ml. 
indicator solution freshly mixed from the following stock ingredients: 1 : 1000 
methylene blue, 2 ml.; 1 per cent, glucose in water, 8 ml.; N/i NaOH, 5-7 
drops. (It might seem preferable to use an indicator with a more negative 
oxidation-reduction potential, such as neutral red reduced with sodium 
hyposulphite (‘hydrosulphite*, Na 2 S 2 0 4 ); but this system is difficult to work 
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Heating element 
containing palladized 
asbestos 
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side tube 


1 . Anaerobic incubation 
apparatus. 
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with, and since the indicator is meant to reveal leaks and not to measure 0 2 
tension, the methylene blue is perfectly satisfactory.) 

The loaded culture flask is attached to the unit, and H 2 gas from a cylinder 
with a reduction valve and water trap is passed briskly through the apparatus 
for 2 minutes. The gas escapes through the side-tube stopper, left slightly 
open. The flow is then reduced to a trickle, the side-tube closed, and current 
passed through the terminals of the heating element, using 60- W. and 40- W. 
gas-filled light bulbs in parallel as resistances. Water is soon seen to condense 
on the glass housing the element. Half an hour’s passage of current is more 
than sufficient ; the top tap is closed, the current switched off, and the whole 
apparatus incubated at 38° C. The indicator becomes white after an hour or 
so of incubation. It will do so earlier if the NaOH concentration is raised, but 
this is unnecessary. 

At the end of the experiment the skin slices are rinsed in Ringer’s solution ; 
one is grafted back to its donor, and the other kept for histological examination. 
When air is admitted, the heating element will be seen to ‘steam’ and the in- 
dicator to turn blue. 

Note on asepsis. All the operations described above were done aseptically ; 
but skin cannot be wholly freed from its ‘resident flora’, no matter how much 
care is taken, so there is always a danger that the experiment may be ruined 
by infection. Streptomycin at a final concentration of 20 u./ml. in the culture 
medium has been found to abolish this danger: it is not visibly harmful to 
skin epithelium at ten times this concentration, and has now been used for 
two years as a routine measure in all the writer’s tissue-culture experiments 
with skin. (The sample used (1 mg. = 250 u.) was kindly supplied by Dr. 
E. S. Duthie, who suggested its use for tissue-culture purposes (cf. also 
Heilman, 1945). Streptomycin, discovered by S. A. Waksman (cf. Waksman, 
1945) is an antibiotic base recovered from the soil fungus Actinomyces ( Strep - 
tomyces) griseus : unlike the acidic penicillin, it is active against Gram-negative 
organisms.) It has proved convenient to prepare a solution containing 200 
u./ml., sterilized by passage through a bacteria-retaining sintered glass filter, 
and to dilute it before use with nine times its volume of the culture medium. 

The test of survival Tissue-culture itself offers one obvious method by 
means of which the viability of cells presumed alive or dead may be put to the 
test. For testing the viability of skin, however, transplantation technique is in 
every respect (and above all, in sensitivity) much superior. The skin squares 
are rinsed in Ringer’s solution and, after aerobic cultivation only, their dermal 
surfaces are gently scraped to remove the epithelium that will have grown over 
and encysted them. The rabbit that provided the grafts is then shaved over the 
right side of the chest, and the skin so exposed rubbed with 5 per cent, 
aqueous ‘Dettol’ solution, which is allowed to dry on. (It is possible but not 
very desirable to use a rabbit other than that which provided the skin squares. 
As the grafts are small, and represent a fairly low ‘dosage’ of foreign homo- 
logous skin, they can be expected in the majority of cases to survive and 
proliferate during the 10-day test period without serious interference from the 



30 Medawar — The Behaviour of Mammalian Skin Epithelium 

homograft immunity reaction (cf. Medawar, 1944, 1945).) A square of skin 
of 5 cm. side is then stripped off the sterilized area in the natural ‘splitting* 
plane that lies between the panniculus carnosus beneath and the compact 
collagenous tissue of the dermis above. Every tag of skin that might house 
the base of a hair follicle must be removed — a very easy operation, unless the 
skin is unusually thick or the incision insufficiently radical. The skin grafts 
are blotted dry on sterile gauze and laid raw side down on the centre of the 
raw area, which is then thickly dusted with sterile sulphadiazine powder, 
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Text-fig. 2. Part of a 10-day test graft showing full survival: note the outgrowth 
over the raw area of thick hyperplastic epithelium. 

covered with a widely overlapping square of vaseline-impregnated gauze 
(‘tulle gras’), and a square of several thicknesses of dry gauze. The thorax is 
thereupon firmly wound, first with 1 yard of 3 -in. bandage, and then with 
18 in. of plaster-impregnated 4 in. bandage (e.g. ‘Gypsona’). After the plaster 
has dried, the animal requires no further special attention until the inspection 
10 days later. 

If the graft proves at this inspection to be surrounded by an annulus, 
2-5 mm. wide, of thick and glistening white epidermal epithelium that has 
spread from it over the surrounding raw area, the result of the experiment 
may be recorded as ‘survival’ without further ado. In any other event the graft 
should be removed and examined by sections cut at four or five levels and 
stained with Ehrlich’s haematoxylin and eosin. If only a trace of follicular 
epithelium remained alive in the original skin square, it may not have had time 
during the 10-day test period to do more than proliferate locally and force its 
way to that part of the graft surface that immediately overlies it. Naked-eye 
inspection alone hardly makes it possible to distinguish between this state of 
affairs and that in which the graft fails altogether to survive. 

Text-figs. 2, 3, and 4 illustrate the histological appearances of test grafts 
showing full survival, partial survival, and no survival respectively. Each was 
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removed 10 days after transplantation. The first two yield a positive result — 
survival — and this can hardly be subject to error. The third result — non- 
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Text-fig. 4. Ten-day test graft showing no survival. The dermis of the graft is deeply 
embedded in the granulation tissue into which the surrounding raw area has become 
transformed. There is no surviving epithelium. 

survival — must be subject to a small and consistent error ; for if only a dozen 
or so cells remain alive in the incubated skin square, they may not be able 
to survive the further short period of ischaemia entailed by the grafting 
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Result! 

(A) Behaviour of skin incubated aerobicctly in serum . Skin squares incubated 
for 4 days in 4*5 ml. autologous serur|+o*5 ml. streptomycin 200 u. /ml. 
show survival and proliferation of all epidermal elements and a strong migra- 
tory overgrowth (epiboly) round the dermal pad that bounds the skin square 
below. In consequence, the skin square encysts itself in epithelium (Text- 
fig. 5). Growth is better in a stirred medium, and better still if blood cor- 
puscles are added in physiological concentration to the serum to give an 
artificial non-clotting ‘whole blood’. A full description of such skin cultures 



Text-fig. 5. Skin square incubated aerobically in serum for 4 days. Migratory overgrowth 
of the epithelium round the dermal surface has brought about complete encystment. 

will be published elsewhere; the only conclusions relevant here are that 
cultures incubated aerobically in serum show full survival, migratory over- 
growth, and cell division. (Migratory overgrowth is the equivalent of ‘out- 
growth’ in conventional tissue-cultures.) 

(B) Behaviour anaerobically. Skin incubated anaerobically for 4 days in 
serum with streptomycin shows either full survival, as indicated by the graft- 
ing test, or something very little short of it. As incubation proceeds beyond 
the fourth day, the quantity of outgrowth from the test graft progressively 
falls off; until, by the eighth day, it is reduced to scraps of hyperplastic 
follicle epithelium, which may have migrated upwards to form a secondary 
coating of surface epithelium immediately above them (Text-fig. 3). Beyond 
8 days of incubation, the test graft shows no survival (Text-fig. 4). However, 
the addition of extra glucose to the serum (0*5 per cent, above the original 
concentration) proved in each of two independent trials to prolong survival 
to the ninth day at least. 

Histological analysis of the skin squares, after incubation but before test 
grafting, was made by fixing one of the two pieces normally housed in each 
vessel. Skin cultivated anaerobically shows neither cellular movement nor 
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cell division : the edges of the skin square, instead of being rounded off by 
epithelial overgrowth, remain as sharp as they were when originally cut 
with a scalpel blade (Text-fig. 6). A most determined search for mitotic 
figures in sections stained with Heidenkain’s haematoxylin revealed none. 
There is not even any migration of follicle epithelium towards the skin 
surface: the hair bases remain firmly gripped in their epithelial jackets 



Text-fig. 6. Contrast with Text-fig. 5 : the edge of a skin slice incubated anaerobically in 
serum for 4 days. The slice ends off abruptly ; there has been no migratory overgrowth, nor 
any upward migration of follicle epithelium. The marginal cells of the surface epithelium 
have undergone maceration, but the follicle epithelium is in a surviving state. 


(Text-fig. 6) and the follicles show none of that flare-like enlargement that is 
indicative of upward migration. 

The majority of the incubated skin squares were fixed in IIgCl 2 -formal- 
dehyde ; dehydrated and cleared in an ethyl alcohol series, cedarwood oil, and 
ligroin; embedded in paraffin wax; cut at 8 fx thickness; and stained with 
Ehrlich’s haematoxylin and eosin. After this treatment the cells of the deep 
follicle epithelium present a characteristic and uniform appearance (Text- 
figs. 7 and 8). The cytoplasm is weakly basiphilic and diffuse or cloudy in 
general staining reaction. The nuclei, instead of being large and juicy in 
appearance, give the impression of being withdrawn from the cytoplasm, are 
irregular if not frankly crenated in outline, and stain rather densely — though 
not in the fashion described by pathologists as ‘pyknotic’. The surface 
epithelium is much more variable. After short periods of incubation the cells 
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are typically in the condition just described ; but after longer periods they 
may give the characteristic appearance of aseptic necrosis. The cells may have 
separated from each other, or the reaction of the cytoplasm may be acidophilic 
and the nuclei represented by ghost outlines alone. Cells of this appearance 
are presumably dead ; but those described beforehand, though an histologist 



Text-fig. 7. Text-fig. 8. 

Text-fig. 7. The follicle epithelium illustrated by Text-fig. 6: higher power. For de- 
scription, see text. (The sections illustrated in Text-figs. 7 and 8 have been photographed 
in such a way as to bring the nuclei into the highest possible contrast; their frankly pyknotic 
appearance is thus largely a photographic artifact.) . 

TFVT-r.p R cf. Text-fig. 7: another island of deep follicle epithelium; from a gratt in- 
cubated anaerobically for 6 days in serum. 

might well call them highly abnormal and degenerate, are in fact ‘alive’ in 
the sense defined by the grafting test. A cytochemical study of the cells, 
outside the scope of the present inquiry, might be very revealing. 

It appears, then, that cellular survival is sharply dissociable from cell 
division and cell movement; and that the presence of molecular oxygen is 
a necessary condition for division and movement, but not for mere survival. 

So far as can be judged by histological examination alone, dermal mesen- 
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chyme cells (fibroblasts, histiocytes, and vascular endothelium) may survive 
anaerobically for 4 or 5 days. They are not as resistant to anaerobiosis as is 
skin epithelium, and after 6 or 7 days are reduced to pyknotic or fragmented 
scraps of nticlear material uninvested by cytoplasm. 

(C) Behaviour in physiological salt solutions. All the experiments to be 
described under headings (C) and (D) make use of a 4-day incubation period ; 
a period chosen because after 4 days of anaerobic incubation in serum 
survival is still complete or falls little short of it. 

Skin slices will survive aerobic incubation for 4 days in Krebs-Ringer- 
bicarbonate or Krebs-Ringer-phosphate, in either case with or without the 
addition of glucose (0*5 per cent, final concentration): they will not survive 4 
days' anaerobic incubation, without or with glucose in the same concentration. 
(The phosphate-buffered Ringer is the medium of choice for anaerobic 
experiments of the type described in this paper. The reaction of a bicarbonate- 
buffered medium becomes progressively more alkaline during the course of 
the experiment, presumably because of the escape of C 0 2 into the hydrogen 
gas phase.) 

(D) The iodoacetate- sensitivity of skin slices. Skin incubated aerobically in 
vitro has proved to be very sensitive to iodoacetate. An attempt was first made 
to determine the threshold concentration of iodoacetate that just permits the 
survival of skin after 4 days’ aerobic incubation in a medium containing auto- 
logous serum 4-0 ml., streptomycin (200 u./ml.) 0-5 ml., and iodoacetate 
solution 0-5 ml. The accompanying table sets out the results of 7 independent 
experiments: V stands for ‘survival’ and ‘o’ for non-survival in the test 
grafts. 
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Five independent preliminary trials at a concentration of M : 4,000 had given 
uniformly negative results. The results are evidently somewhat variable, 
though they put the order of magnitude of the minimal lethal concentration 
at M : 10,000. Part of the variation may be attributable to the presence in 
serum of a variable quantity of a glycolysis-inhibiting factor (cf. Elliot and 
Henry, 1946). 

More consistent results were obtained from four additional independent 
tests in which serum was replaced by Krebs-Ringer-phosphate containing 
0*5 per cent, glucose, and a slightly wider spacing of iodoacetate dilutions was 
used: 
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The three ‘positives’ recorded under M : 15,000 were not, however, of equal 
value : in one of the three positive cases survival was ‘partial’ only; in the other 
two, considerable but probably not complete. Since rabbit skin varies a good 
deal in ‘activity*, i.e. in its intrinsic rate of cell division on removal, it is doubt- 
ful if these results justify a more definite conclusion than that the order of 
magnitude of the minimal lethal concentration of iodoacetate, after 4 days’ 
exposure, is of the order of icr 4 molar. 

Discussion 

The fact that epidermal movement and cell division is brought to a stand- 
still under anaerobic conditions is not unexpected (cf. Needham, 1942; 
Kitching and Moser, 1940; Ormsbee and Fisher, 1944). It is surprising that 
the power merely to survive ‘vegetatively’ at body temperature is so sharply 
dissociable from migratory and karyokinetic activity ; but the experimental 
results show quite clearly that skin epithelium may survive anaerobically in 
serum for periods upwards of a week at body temperature. Paramecium , so 
Kitching (1939) found, can live anaerobically only for a matter of hours — 
though he quotes earlier estimates ranging from a few seconds to a few 
months! 

Skin epithelium is a tissue that depends for its blood-supply upon the 
capillary circulation in the upper reaches of the dermis. Presumably, there- 
fore, it has to submit to low oxygen tensions as a matter of course, and relies 
to a large extent upon a glycolytic mechanism. Berenblum, Chain, and 
Heatley (1940) and Dickens and Weil-Malherbe (1943) find that skin epithe- 
lium displays aerobic as well as anaerobic glycolysis; Dixon and Needham 
(1946), by contrast, find that the abdominal skin of 4-day old rats shows no 
aerobic glycolysis but metabolizes after the fashion of skeletal muscle. 

If it is correct to assume that iodoacetate in a concentration of the order of 
io~ 4 molar is a specific inhibitor of glycolysis, then these two definite conclu- 
sions may be drawn from the experiments described in the text : the survival 
of skin epithelium depends upon the integrity of its glycolytic mechanism; 
but cellular movement and division depend upon respiratory activity in the 
narrow sense. It may be added, though at present only on the basis of rough 
observations, that the rate of cell division in skin epithelium varies directly 
with 0 2 tension over a fairly wide range. The behaviour of skin cultivated 
in vitro (to be described elsewhere), and of the cornea in vivo , shows that 
epidermal epithelium does not need much oxygen in order to grow and move. 
It does, however, need some. It is possible that cartilage cells behave in like 
manner (Bywaters, 1937). 

Summary 

1. The viability of skin epithelium subjected to various experimental 
treatments may be tested by transplantation technique. 

2. Skin can survive for upwards of a week in serum at body temperature 
in the total absence of atmospheric or dissolved oxygen. 
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3. Neither cellular movement nor cell division can take place in skin 
epithelium under anaerobic conditions. 

4. The survival of skin epithelium depends upon the integrity of a mechan- 
ism, presumably glycolysis, that is put out of action by iodoacetate at a con- 
centration of the order of io -4 molar. 
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Further Observations on the Glomerular Root of the 
Vertebrate Kidney 

BY 

J. F. A. McMANUS 

(From the Department of Zoology and Comparative Anatomy , Oxford) 

With five Text-figures 


granular 

cells 


Introduction 

I N the kidneys of a wide variety of animals the second convoluted tubule 
is applied to the root of the glomerulus of the same nephron (Text-fig. i). 
Here the tubular cells are aggregated to form the macula densa. In these cells 
the Golgi element lies on the side of the nucleus opposite to that on which it 
lies in the rest of the tubule (McManus, 1943, 1944). The tubule is set into 
the angle between the afferent and efferent 
arterioles of the glomerulus (Text-fig. 2 A). 

Rotation of the plane of section through 
90° produces the appearance shown in Text- 
fig. 2B. The arteriolar cells in this region 
are known in a variety of species to possess 
granules in their cytoplasm. 

These relationships become established 
at a very early stage in embryonic develop- 
ment. In the human foetus, and in every 
other embryo examined from fishes up- 
wards, a segment of tubule applied to the 
glomerular root can be recognized as soon 
as there is a glomerulus supplied by two vessels destined to become the 
arterioles. 

Since the last review of the structure of the glomerular root was written 
(McManus, 1942), not a great deal has been published about the problem of 
the role of the components of the glomerular or juxta-glomerular complex. 
Goormaghtigh (1944) has continued to present evidence suggesting an 
endocrine activity for the granular cells, and has recently (1945) described 
the hyperplasia of these cells in the so-called ‘crush’ kidney, that is, the human 
kidney after severe wounds in other parts of the body, especially of the limbs. 
The present communication describes further findings concerning the cyto- 
logy and histology of the glomerular root. 



macula 
densa 

Text-fig. i. Glomerular complex. 
Diagram showing relationships at root of 
glomerulus. From Lancet, 1942. 
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Reticulin Patterns at the Glomerular Root 
The distribution of reticulin has been studied by various modifications of 
Robb-Smith’s (1937) method of floating paraffin sections on the solutions 
used. Foot’s technique (1924) was used, as Robb-Smith recommends, as well 
as Divry’s (1932) modification of Hortega’s silver carbonate. The use of 
thinner sections made possible by this ‘floating’ routine has permitted the 
recognition of features that are obscured in thicker sections, and especially 
in thick frozen sections. 



Text-fig. 2. Diagrams of reticulin about glomerulus. 

Text-fig. 2B is at plane ab of Text-fig. 2A. 

A complete basement membrane, on which the epithelial cells rest, sur- 
rounds each tubule and inter-tubular fibrils connect these membrane units 
with the vascular tree of the kidney. Further subdivisions of the reticulin 
fibrils have been described by Tello (quoted by Ramon-y-Cajal, i 933 )> 
the development and age-changes have been discussed by Schwab (1939). 
These authors do not describe the arrangement of the reticulin at the 
glomerular root. 

I find that there is always a gap in the reticulin at the glomerular root. 
Reticulin is totally absent between the tubule and vessels in the mouse, cat 
(Text-fig. 3), and rabbit, and there are multiple gaps in adult man (Text- 
fig. 4). The condition in the child closely resembles that in the mouse, cat, 
and rabbit. Thus the cytoplasm of the cells of the macula densa is only 
separated from that of the cells of the arterioles by the cell-membranes. The 
absence of any basement membrane at the glomerular root would facilitate 
exchange between these cells of the tubule and the arteriolar cells, which in 
this situation possess the specific granules. 

The Composition of the Granules in the Cells of the Arterioles 

Ruyter in 1925 described granules in the juxta-glomerular cells of the affer- 
ent arteriole in the mouse. Oberling saw them in man, Okkels in the frog, and 
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Text-fig. 3. Part of a section of the kidney of a kitten. (Stained for reticulin.) 



Text-fig. 4. Part of a section of a normal human kidney. (Stained for reticulin.) 



4 2 McManus— Further Observations on 

Goormaghtigh in the cat and rabbit (references in McManus, 1942). They 
have been studied by . what are essentially mitochondrial methods, which are 
notoriously capricious. Although a few workers have subsequently recognized 
and studied them (Kaufmann, Donihue, and Candon), the methods for their 
demonstration have been unreliable, and there has consequently been delay 
in the general investigation of them. 



Text-fig. 5. Part of a section of a human kidney affected by malignant hypertension. 
Note increase in reticulin (? arteriosclerosis), but persistence of gap. (Stained for 
reticulin.) 


The granules are perfectly shown in the mouse by the use of a cobalt- 
calcium-formalin fixative (McManus, 1946), followed by either sudan black 
or Masson’s trichrome stain. The mitochondria are well preserved and the 
method seems suitable for a new attack on the kidney. In the rabbit, unlike 
the mouse, postchroming is necessary and it is advisable to dehydrate in 
acetone. The same colouring methods are suitable. The human kidneys I 
have been able to study were not normal but ‘crush’ cases, in which the granular 
cells of the arterioles seem to be very numerous. As with the rabbit, post- 
chroming is necessary but alcohol can be used for dehydration. Once again 
the granules can be shown with sudan black or Masson s trichrome stain. 
The similarity of staining reactions suggests that the granules of the juxta- 
glomerular arteriolar cells of the various species are of similar chemical com- 
position. Colouring by sudan black after fixation in the cobalt fixative and 
imbedding in paraffin shows that the granules consist (at least in part) of 
masked lipoid (perhaps lipine). 
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The Relation of the Granular Cells to the Renal Tubule 

The distribution of masked lipoid in the kidney, especially in the mouse, 
but also in the rabbit and man, as shown by the cobalt-sudan-black technique 
and by later variants of the same method, presents features that would 
interest students of the kidney. The clearness with which the granules are 
shown is striking. The part of the afferent arteriole nearest the glomerulus 
seems to be composed entirely of these granular cells in the case of the mouse. 
Hardly less striking is the complete absence of masked lipoid in the macula 
densa. There is an equally strong contrast in this respect between the macula 
cells and the adjacent cells of the same tubule, which are rich in masked lipoid. 

The facts suggest that something passes between the lumen of the tubule 
and the cells of the arteriole, and that this movement is accompanied by the 
movement of lipoids, which aggregate in the arteriolar cells. The direction of 
flow is suggested by the reversal of the Golgi element in the cells of the macula 
densa, for in this region — and in this region alone — the Golgi element lies on 
the side of the nucleus directed towards the base of the cell, that is, towards 
the side on which there is contact with the granular cells of the arteriole. 

in a limited series of cases of chronic nephritis which have already been 
mentioned (in McManus, 1942), the tubules were not uncommonly found to 
be separated from the arterioles. T have now somewhat extended the investiga- 
tion of these and similar cases, especially by studying the distribution of 
reticulin. The gap in the reticulin at the glomerular root appears olTen to be 
obliterated in some cases of chronic glomerulonephritis, but not in the cases 
of arteriosclerosis or malignant hypertension (Text-fig. 5) which were 
studied. 

Summary 

There is a gap in the reticulin at the glomerular root of the mammalian 
kidney. This gap leaves the macular segment of the second convoluted tubule 
in intimate contact with the arteriolar cells, which in this region contain 
granules consisting of or containing masked lipoid. Methods are given for 
the demonstration of these granules in the mouse, rabbit, and man. 

The cells of the macula densa of the mouse are poor in lipoid, and there is 
thus a striking contrast both with the adjoining cells of the same tubule and 
with the adjacent arteriolar cells. 
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1. Introduction 

T HE gross effects of oestrogens on the male reproductive system in 
rodents have been described by numerous authors as involving testi- 
cular degeneration, and hypertrophy of the accessory glands and ducts. 
While the seminal vesicles of rats undergo fibrosis and growth of smooth 
muscle without any epithelial changes, both the prostate and seminal vesicles 
in mice show epithelial hyperplasia, followed by metaplasia and keratinization 
after prolonged treatment. The initial stages of this oestrogenic stimulation 
of the prostatic epithelium in mice have not been investigated with cytolo- 
gical techniques. Moore, Price, and Gallagher (1930) described characteristic 
cellular changes in the prostatic epithelium of rats in response to castration 
and to injection of preparations containing androgens. Consistent morpho- 
logical variations in the Golgi apparatus of the epithelial cells were found 
to accompany epithelial regression or hypertrophy. Thus the presence of 
androgen in a preparation could be tested by injection followed by cytolo- 
gical examination of the prostatic epithelium. 

Experiments were undertaken to determine when structural changes may 
first be detected in the epithelial cells of the various lobes of the mouse 
prostate following oestrogen administration, and to follow the recovery stages 
after the treatment was discontinued. The cytological response of the 
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epithelial cells was investigated in order to determine whether male un- 
castrated mice might be used in testing for the activity of oestrogen. 

2. Material and Methods 

Young male mice belonging to an inbred strain (R III) were selected for 
these experiments. A total of 32 mice, aged 4-5 months, received 10 mg. 
pellets of the synthetic oestrogen diethylstilboestrol by subcutaneous im- 
plantation, according to the technique of Deanesly and Parkes (1937)- A 
number of mice were sacrificed at intervals from 4 to 20 days after treatment. 
Ten untreated mice were used as control material. In order to study the 
cytology of the recovery phases of the prostatic epithelium following oestrogen 
administration the pellets were removed after 20 days’ implantation. A 
number of mice were then killed at periods ranging from 10 to 20 days after 
oestrogen treatment had ceased. 

The anterior, dorsal, and ventral prostatic glands were removed under a 
binocular dissecting microscope for separate fixation. Preparations of the 
Golgi apparatus were obtained by treating the tissues by Kolatchev’s method 
as modified by Nassonov. All sections were subsequently stained with Orange 
G in clove oil. Histological preparations were made from material fixed in 
Dubosc-Brasil’s modification of Bouin’s solution and stained by Masson’s 
light green-eosin technique. 

3. The Structure of the Normal Prostatic Gland in R III Mice 

The nomenclature of the prostatic lobes in rodents has been a subject of 
much confusion (Rauther, 1903; Disselhorst, 1904; Walker, 1910; Burrows, 
1934; Korenchevsky and Dennison, 1935). The several glands, generally 
referred to as the lobes of the prostate in the mouse, have been described by 
Deanesly and Parkes (1933) as consisting of paired anterior, ventral, and dorsal 
lobes, together with a small median gland (see Text-fig. ia). The last, more 
frequently termed the ampullary lobe (Fekete, 1941)* 1S a tubular gland lying 
adjacent to the ampulla in close connexion with the ductus deferens. It 
opens into the anterior vestibular portion of the ampulla. Examination of this 
structure in a number of mice belonging to pure line strains showed much 
variation in size within different strains. In R III mice only a vestigial gland 
is present. 

The paired anterior lobes, called -the coagulating gland by some authors 
(Burrows, T934; Fekete, 1941), are imbedded in the peritoneal sheath of the 
seminal vesicles and open into the dorsal wall of the prostatic urethra. I he 
lining epithelium consists of tall columnar cells arranged in characteristic 
folds. Moore (1939) and others refer to these anterior lobes as the true 
prostate. 

The paired dorsal prostates, which are very much narrower than the 
anterior lobes, are nevertheless similar in structure and are attached to the 
dorsal wall of the Urethra (see Text-fig. ib). The columnar epithelium is 
less folded than in the anterior lobes. The ventral prostate also consists of 
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bilaterally symmetrical lobes situated on the ventral wall of the urethra at the 
base of the bladder, and the tubules composing this portion of the prostate 
differ from those of the anterior and dorsal glands in that they are lined by a 
low columnar epithelium which is unfolded. The ventral lobes possess several 
ducts which open into the urethra on its ventral surface. 



Text-fig i. Drawings showing ventral and dorsal views of the lobes forming the 
prostate gland, seminal vesicles, and bladder in a mouse of the R III strain. 

4. Cytology of the Untreated Prostatic Epithelium 
Characteristic differences exist between the morphology of the Golgi appara- 
tus in the normal untreated epithelia of the anterior, ventral, and dorsal pro- 
static lobes. These differences are independent of the normal structural 
variations occurring in the glandular epithelium during secretory activity 
(see PL 1, figs. 1, 3, 5). Before any significance can be attached to the exten- 
sive changes in the Golgi material found after short periods of oestrogenic 
treatment (see PI. 1, figs. 2, 4, 6), it is essential to record the cytological appear- 
ances of the tiormal epithelium. 

Anterior Prostates . The cells of the columnar epithelium possess a slightly 
granular cytoplasm and almost spherical nuclei, with the Golgi apparatus 
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forming a condensed flattened network restricted to the apical region of the 
cytoplasm. The apparatus in the majority of cells forms an elongated body, 
orientated transversely to the axis of the cell and situated in close contact with 
the nuclear membrane (see PI. 1, fig. 5). Where the mucous membrane is 
thrown into tall longitudinal folds, projecting far into the lumen, the Golgi 
substance then becomes compressed and distorted, often losing the appearance 
of a network and assuming a more compact rounded shape. 

Dorsal prostates. The cells of the dorsal prostatic epithelium resemble those 
of the anterior lobes. The general cytoplasm is, however, more granular and 
the spherical nuclei stain more deeply. The Golgi apparatus, situated in the 
apical cytoplasm in close contact with the nucleus, forms a network which is 
less compact than that found in the anterior lobe cells (see PI. 1, fig. 3). In 
the proximal region close to the basement membrane the cells contain secre- 
tion droplets which are stained lightly by osmium tetroxide. 

Ventral prostates. The low columnar epithelium of the ventral lobe is 
relatively free from folds. The individual cells are elongated with their oval 
nuclei confined to the basal region of the cytoplasm (see PI. 1, fig. 1). The 
Golgi apparatus forms a characteristic loose network in the apical cytoplasm 
of these cells and consists of twisted strands, all of which tend to be orientated 
longitudinally to the axis of the cell (see PI. 1, fig. 1). The morphology and 
location of the Golgi material in the epithelial cells of the ventral prostate are 
therefore quite different as compared with the structure of the apparatus in 
the anterior and dorsal prostatic epithelia (see PI. 1, figs. 3, 5). 

5. Response of the Prostatic Epithelium to Eight Days’ Treatment 

with Oestrogen 

Oestrogenic stimulation does not induce uniform changes throughout all 
the prostatic lobes. After 8 days’ treatment the cytological appearances of the 
epithelia clearly demonstrate that differences in the degree of sensitivity exist 
between the three glands (see PI. 1, figs. 2, 4, 6). There is clear indication that 
the epithelium of the anterior lobe is more sensitive to stilboestrol than either 
the epithelium of the dorsal or ventral lobes. The cytological changes which 
are typical after 8 days’ treatment will be briefly described. 

Anterior prostatic epithelium. On the eighth day a slight hypertrophy of the 
whole epithelium, involving an extensive fragmentation and dispersal of the 
Golgi apparatus throughout the cells, is a consistent feature of this period of 
treatment (see PI. 1, fig. 6). The compact Golgi network of the untreated 
anterior glandular epithelium has entirely disappeared and the enlarged 
epithelial cells have become filled with fragments of hypertrophied Golgi 
substance. In most cells there is an aggregation of Golgi material in 
the apical cytoplasm in the vicinity of the nucleus, and the latter may be 
distorted. A dispersed Golgi apparatus occupies the entire cytoplasm (see 
PI. 1, fig. 6). 

Dorsal prostatic epithelium. The cellular changes in the dorsal epithelium 
are less extensive than those which occur in the anterior epithelium after the 
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same period of treatment (see PL 1, figs. 4 and 6). There is less epithelial 
hypertrophy and the accompanying changes in the Golgi apparatus are less 
pronounced. The Golgi network undergoes only a slight fragmentation and 
occasionally an intact but enlarged Golgi reticulum may be observed in the 
apical cytoplasm in close relation with the nuclear membrane (see PL 1, fig. 4). 
The characteristic transverse polarity of the apparatus to the axis of the 
cell, so typical of the epithelium previous to treatment, is lost owing to frag- 
mentation. 

Ventral prostatic epithelium. The response of the Golgi apparatus to oestro- 
gen in the ventral epithelium differs markedly from that in the epithelium 
comprising the dorsal and anterior prostates. After 8 days’ treatment a 
definite but remarkably uniform hypertrophy of the apparatus occurs through- 
out the whole of the ventral prostatic epithelium. This is not accompanied 
by any enlargement of the epithelial cells nor by fragmentation or dispersal of 
the Golgi material. The compact apparatus is localized in the apical cytoplasm, 
and it still maintains its longitudinal polarity to the cell axis (see PL 1, fig. 2). 

The difference in response of the Golgi apparatus in the epithelium of the 
dorsal, anterior, and ventral prostates to treatment can best be appreciated by 
an examination of Plate 1. The slight reaction of the Golgi material in the 
ventral epithelium suggests that it is less sensitive to oestrogen than either the 
anterior or dorsal epithelium. 

6. Response of the Prostatic Epithelium to Twenty Days’ Treatment 

with Oestrogen 

The anterior prostatic epithelium on the twentieth day of treatment has 
undergone a conspicuous metaplasia. This phenomenon can be macroscopic- 
ally observed upon laparotomy. At this period the paired anterior glands have 
become considerably enlarged and the seminal vesicles, which are embedded 
in the same peritoneal sheath as the anterior lobes, have atrophied. The 
hypertrophy of the anterior gland is partly due to distension of alveoli by 
keratinized epithelial debris and accumulation of polymorphonuclear leuco- 
cytes. The single layer of cuboidal epithelial cells, still present on the eighth 
day of treatment, is now replaced by a greatly hypertrophied stratified epithe- 
lium. Many of the alveoli are lined by an epithelium 10-15 cells in thickness. 

It has been stated by Lacassagne (1933) and Burrows (1934) that the 
epithelial response of the anterior prostate in rodents to oestrogen provides 
evidence in support of the contention that these glands are derivatives of the 
Mullerian ducts. A similar process of rapid cornification of the vaginal epithe- 
lium in rodents occurs after short periods of treatment with oestrogens. 
During keratinization the Golgi bodies in the hypertrophied epithelial cells 
have undergone changes involving their morphology and distribution. The 
Golgi material is now present in the form of fine granules irregularly scattered 
throughout the cytoplasm. Occasionally cytoplasmic structures which stain 
more deeply than the Golgi material are seen lying adjacent to the enlarged 
nuclei. These structures, according to Ludford (1924), are nuclear extrusions, 

2421. 1 


E 



50 Horning — The Action of Diethylstilboestrol on 

giving rise to keratohyalin granules, and should therefore not be confused with 
Golgi substance. In most of the greatly enlarged keratinizing epithelial cells 
the scattered Golgi bodies stain only very faintly until they finally cease to be 
demonstrated by the Kolatchev technique. Ludford (1925) reports a similar 
phenomenon occurring in the keratinizing epithelial cells in tar tumours of 
rodents. 

The cytological changes which have taken place within the same period in 
both the dorsal and ventral prostatic epithelium are less pronounced. The 
epithelium has undergone little cellular change and no keratinization occurs 
in these glands, a development entirely confined to the anterior prostate. 
There is little evidence of cellular proliferation at this stage of treatment, but 
in the dorsal glands some of the alveoli are now lined by two or three layers of 
cells. Apart from the increased fragmentation and subsequent dispersal 
throughout the cytoplasm of the Golgi material, the general cytological 
appearance of the epithelium is similar to that already described after 8 days’ 
treatment. No desquamated cell debris is seen within the alveoli but numerous 
leucocytes are present. Proliferation of the ventral glandular epithelium is 
absent at this stage of treatment. The Golgi apparatus, which is now frag- 
mented, still remains localized in the apical cytoplasm of the epithelial cells, 
close to the nuclear membrane. 

7. The Recovery Phases of the Prostatic Epithelium following 
Cessation of Oestrogenic Treatment 

The keratinized anterior prostatic epithelial cells return to the unstimulated 
condition 20 days after the removal of the oestrogen pellets. On the twentieth 
day the keratinized epithelium has disappeared and is replaced by a single 
layer of cuboidal cells, most of which appear to have resumed their normal 
secretory functions. Some of the alveoli still remain slightly distended with 
cell debris and a few epithelial cells may be enlarged owing to the accumula- 
tion of secretory products. In the majority of cells the Golgi substance has 
reformed into a compact but slightly larger network than that seen before 
treatment. Where the Golgi apparatus has not reformed itself into a network 
it still remains condensed and localized in the apical cytoplasm. It seems 
likely that normal secretory activity has not yet occurred in these cells, as it 
has been shown that oestrogens inhibit the secretory function of the prostate 
gland (Allen, 1939). The epithelium of the dorsal and ventral glands returns 
to a normal state more rapidly in accordance with their smaller response to 
oestrogenic stimulation. 

8. Discussion 

The present experiments have shown that it is possible to correlate varia- 
tions in the form and distribution of the Golgi material in the prostatic 
epithelial cells of the mouse with different periods of treatment with oestro- 
gens, and that the normal morphology of the Golgi apparatus is restored in 
these cells when treatment is discontinued. It is evident that oestrogenic 
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stimulation does not cause permanent alteration in the structure of the 
prostatic epithelium after relatively short periods of treatment, even when 
keratinization has been induced. The most extensive cytological changes 
following oestrogen treatment occur in the epithelium of the anterior lobes. 

Amongst the more recent work published on the cytological effects of the 
sex hormones upon cells it should be noted that Moore, Price, and Gallagher 
(1930) report that the state of the Golgi apparatus in the rat prostatic epithe- 
lium has proved to be a reliable indicator for testing preparations for andro- 
genic action. Vazquez-Lopez (1940) has shown that over-stimulation with 
oestrogen causes an extensive hypertrophy of the Golgi substance in the cells 
of the islets of Langerhans in the mouse pancreas. Wolf and Brown (1942) 
have recently described the reactions of the Golgi apparatus in the alpha and 
beta cells of the pars anterior of the pituitary body following treatment with 
diethylstilboestrol. In the uterine epithelium of the untreated rat during the 
oestrus cycle, it has been shown that normal oestrogenic activity is sufficient 
to produce characteristic cytological changes which are correlated with 
different phases of the cycle (Horning, 1943). 

Before the introduction of the vaginal smear assay for oestrogen by Allen 
and Doisy (1923), it was generally held that any structural or functional change 
produced by ovariectomy, which could be restored to normal by injection of 
ovarian extracts, might be used for the assay of female sex hormone. The 
microscopic examination of the vaginal smear is regarded as a reliable indicator 
of the oestrous condition of intact female animals. Rodents, either previously 
spayed or immature, are employed for the testing of substances having oestro- 
genic action. This method requires a careful standardization of age and castra- 
tion methods and has been criticized since it has been found that certain 
carcinogenic substances (Wright, 1936) are capable of producing the same 
effects as oestrogens in females. Hechter, Lev, and Soskin (1940) have reported 
that the alkaloid yohimbine also induces oestrus in rodents. Horning (1943) 
has suggested that the characteristic changes in the Golgi substance of the 
uterine epithelium in non-castrated mice, following 8 hours’ treatment with 
diethylstilboestrol, might be used as reliable indicators of the degree of oestro- 
genic stimulation. 

The effects of oestrogens upon male animals have been reviewed by Allen 
( 1 939). Golding and Ramirez (1928) were among the first to describe the 
specific action of oestrogen on immature male rats. They found that this 
treatment prevented the growth of the testes and their descent into the 
scrotum. Two weeks after oestrogen administration was discontinued, the 
treated animals had completely recovered from gonadal inhibition. The 
production of scrotal hernias in rodents, following relatively short periods of 
oestrogen treatment, has been reported by several workers (Lacassagne, 
1933 ; Burrows and Kennaway, 1934; Cramer and Horning, 1938). Lacassagne 
(1936) has further described changes in the epithelium of the bladder in mice 
following similar treatment, and Gardner (1937) found a striking hypertrophy 
of the interstitial cells of the testis in response to oestrogens in certain inbred 
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strains of mice. According to Burrows (1935) oestrogens cause the connec- 
tive tissue of the ampullary region of the vas deferens in mice to undergo a 
marked myxomatous transformation after treatment \frith relatively large 
doses. He also reported (1937) that hyperplasia of the ducts of the bulbo- 
urethral glands occurred after similar treatment. 

The present experiments have indicated that it is possible to use male 
animals, uncastrated and of any age, to test for oestrogenic activity. The 
cytological reaction in the epithelium of the anterior lobe of the prostate in 
particular is sufficiently characteristic and precise to serve as an indicator of 
oestrogen action, being clearly distinguishable from that induced in the same 
epithelium by the action of androgen. We now have, therefore, cytological 
criteria with which to assess the activity of oestrogens in the male and female 
rodent, as well as those originally described by Moore, Price, and Gallagher 
(1930) for androgens in the male. These methods will prove useful in supple- 
menting the routine methods for the assay of sex hormones and may be 
employed in the investigation of the varying degrees of reaction to these 
hormones shown by the many types of epithelial cells and stromal tissues in 
the reproductive organs. 

9. Summary 

1. The cellular changes in the prostatic epithelium of an inbred strain of 
mice (R III), following short periods of treatment with large doses of oestro- 
gen, are described. 

2. The Golgi apparatus in the cells of the prostatic epithelium affords a 
precise indication of the degree of stimulation induced by oestrogenic sub- 
stances. 

3. Specific morphological changes in the Golgi substance occur in the 
epithelium of the anterior lobe of the prostate after 8 days’ treatment. Similar 
changes, following longer periods of treatment, also occur in the dorsal and 
ventral lobes. 

4. Withdrawal of oestrogenic stimulation after 20 days’ treatment with 
relatively large doses is followed by a return of the prostatic epithelium and 
the Golgi apparatus to their normal condition in 21 days. 

EXPLANATION OF PLATE I 

Photomicrographs of the prostatic epithelium of treated and untreated R III 
mice All material was impregnated by Nassonov’s modification of Kolat- 
chev’s method, and subsequently stained with Orange G in clove oil. Magni- 
fications, X 360. 

Fig. 1. The prostatic epithelium of the ventral lobe of a control mouse. The columnar 
epithelium is relatively unfolded, and the Golgi apparatus forms a characteristic loose network 
in the apical cytoplasm. The Golgi material consists of twisted strands all of which tend to 
orientate longitudinally to the cell-axis. 

Fig. 2. Ventral prostatic epithelium after 8 days’ treatment with diethylstilboestrol, 
showing changes in the Golgi apparatus. It is hypertrophied but retains its compactness and 
normal polarity. 
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Fig. 3. Dorsal prostatic epithelium from a control mouse. The Golgi substance forms a 
compact network in the apical cytoplasm. 

Fig. 4. Dorsal prostatic epithelium after 8 days’ treatment. The Golgi substance has become 
dispersed. 

Fig. s. Anterior lobe epithelium from a control mouse, showing the Golgi networks which 
are confined almost entirely to the apical cytoplasm. 

Fig. 6. Anterior lobe epithelium after 8 days’ treatment. Note the pronounced reaction of 
the Golgi substance in response to oestrogen. It has become granular and is dispersed through- 
out the cytoplasm of the epithelial cells which have undergone hypertrophy. 
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Introduction 

T HE histopathology of the nerve-cells of mice and monkeys suffering 
from louping-ill has been described by Hurst (1931), and an account 
of the effects of the virus on the neurones of sheep, pigs, and mice has been 
given by Brownlee and Wilson (1932). The present paper is confined to 
a description of the changes in the Golgi material of nerve-cells in the brain 
and spinal cord of sheep infected experimentally with the virus of louping-ill. 
Eor comparison the Golgi material of neurones from corresponding regions 
of the central nervous system of normal animals is described. 

Fragmentation of the Golgi material has frequently been observed in 
degenerating cells and in cells under pathological conditions (Ludford, 1942). 
The Golgi substance of the epidermal cells of the chick infected with fowl-pox 
was described by Ludford and Findlay (1926). According to these authors 
the Golgi material, which in the normal epidermal cell is situated at one pole 
of the nucleus, becomes hypertrophied during the early stages of infection and 
in some cases undergoes a reversal of polarity. It breaks up before the virus 
bodies are fully formed. As the Golgi material is often situated in proximity 
to the virus bodies, Ludford and Findlay suggest that it may be concerned 
with the formation or localization of the lipoidal substance deposited around 
the bodies. Ludford (1928) states that the Golgi substance of the epidermal 
cells of the cornea of the rabbit infected with vaccinia virus often undergoes 
hypertrophy, reversal of polarity, and fragmentation. Hypertrophy and frag- 
mentation of the Golgi material is also described by Rio-Hortega (1914) in 
nerve-cells in a case of paralytic rabies, and by Findlay (1929) in connective 
tissue cells of rabbits suffering from myxomatosis. 

Material and Methods 

Small pieces of the cerebrum, cerebellum, medulla oblongata, and the 
cervical and thoracic regions of the spinal cord of domesticated sheep (Ovis 
aries) suffering from louping-ill were used for the study of the Golgi material. 
Material from the corresponding regions of the central nervous system of 
normal sheep was used for comparison. The animals were killed and the tissue 
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dissected out and placed in the fixing fluid as speedily as possible. The material 
was prepared according to the methods of Aoyama and Da Fano, and sec- 
tions were cut at 5 /x and 8 ^ in thickness. A number of the sections were toned 
with gold chloride, and of the untoned sections some were stained with 
Ehrlich’s haematoxylin. The cortex and medulla of the Golgi material was 
more clearly shown in the untoned than in the toned preparations. 

The pathological material was obtained from three sheep infected experi- 
mentally with the virus of louping-ill. Sheep I and II, both 6 months old, 
were killed when showing early symptoms of the disease — un-coordinated 
gait and occasional spasmodic jerks of the head and limbs. Sheep IV, 9 months 
old, was in a very advanced stage of louping-ill, lying on the floor, and when 
raised unable to maintain its balance. 

The normal material was obtained from Sheep III, over 1 year old, and 
Sheep V, 2 months old. 

We wish to express our thanks to Dr. D. R. Wilson, Animal Diseases 
Research Association, Moredun Institute, Gilmerton, Edinburgh, who very 
kindly supplied us with the pathological tissue. Our thanks are also due to 
Professor James Ritchie for research facilities and for reading the typescript. 

Observations 
1. Cerebrum 

Normal sheep 

An examination of the pyramidal cells of the cerebral cortex of the sheep 
showed' that the Golgi material is present as filaments, which vary in length, 
and as irregularly shaped bodies. In some cells the filaments are very 
numerous, while in others shorter irregular bodies predominate. The Golgi 
substance surrounds the nucleus and is usually less abundant at the periphery 
of the body of the cell. It extends for a considerable distance into the cell 
processes where long filaments are numerous (Text-fig. 1). In many cases the 
Golgi material seems to be made up of discrete elements which are often in 
contact with one another. In other cells, particularly in those of the younger 
animal (Sheep V), it has the appearance of a definite network. The irregularly 
shaped bodies consist of an argentophil cortex and an argentophobe medulla 
which is particularly well shown in untoned sections. As the filaments are 
slender their division into two regions is less clearly visible, but on careful 
focusing the argentophobe central part can often be made out. 

Sheep infected with the Virus of Louping-ill 

Sheep 1 . The distribution of the Golgi material of the pyramidal cells does 
not differ greatly from that of the normal tissue, except that in some cells it is 
greater in amount in the region between the nucleus and the apical dendron. 
Long filaments are, however, less numerous, and in many cells most, or all, 
of the Golgi substance is in the form of short irregular bodies (Text-fig. 2). 
Comparison of these neurones with the cortical cells of the normal animals 
shows that the Golgi material has undergone hypertrophy, that it rarely 
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All figures from Aoyama preparations. 

Fig. i. Normal sheep. Pyramidal cell of cerebral cortex. Fig. 2. Sheep I. Louping-ill. 
Pyramidal cell. Fig. 3. Sheep II. Louping-ill. Pyramidal cells. Figs. 4 and 5. Louping-ill. 
Sheep IV. Pyramidal cells. Fig. 6. Normal sheep. Purkinje cell of cerebellum. Fig. 7. 
Sheep I. Louping-ill. Purkinje cell. Fig. 8. Sheep IV. Louping-ill. Purkinje cell. Fig. 9. 
Normal sheep. Multipolar ceil of medulla oblongata. 

The scale represents a length of 30/1. 

assumes the appearance of a definite network, and that long filaments are 
reduced in number or are absent (Text-figs. 1 and 2). 

Sheep II. The location of the Golgi material is similar to that in Sheep I, 
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except that it is sometimes absent from the cell processes, and is frequently 
absent or nearly absent from the basal part of the neurone. Filaments, when 
present, are slender and often appear to be breaking up into smaller bodies 
(Text-fig. 3). 

Sheep IV. According to the form and distribution of the Golgi material the 
cortical cells are of two types. In one type the Golgi substance is hypertrophied 
(Text-fig. 4), and in the other it is scanty and in the form of granules and small 
bodies (Text-fig. 5). In the hypertrophied neurones filaments are few or 
absent in the cell processes, and when present are always short and granular. 

Examination of the pyramidal cells of the infected animals shows that the 
Golgi material undergoes hypertrophy, and that the filaments become reduced 
in number. At the same time the Golgi substance is reduced in amount or 
disappears from the cell processes, and often moves away from the basal part 
of the cell. Hypertrophy is followed by the fragmentation of the Golgi bodies 
and by a reduction in the amount of Golgi substance. That all the neurones 
are not affected equally at the same time is indicated by the presence of hyper- 
trophied cells in the cerebral cortex of Sheep IV. The staining reactions of 
the cells containing a comparatively small amount of granular Golgi substance 
indicates that they are necrotic. 


2. Cerebellum 

Normal Sheep 

Owing to their large size the Purkinje cells are favourable subjects for 
investigation. The Golgi material closely surrounds the nucleus and extends 
laterally towards the periphery and into the basal part of the cell process; it 
does not extend to the peripheral region in the basal part of the neurone (Text- 
fig. 6). It consists of long filaments and irregularly shaped bodies, many of 
which are in contact so as to give the appearance of a network. The filaments 
are present chiefly in the region anterior to the nucleus, and are all directed 
towards the cell process into the basal part of which many extend for some 
distance. The outer deeply argentophil part and the inner argentophobic 
region are clearly visible in the larger masses of Golgi material. 

Sheep infected with the Virus of Louping-ill 

Sheep /. Long filaments are less numerous than in normal material, and 
those present in the cell process often appear to be breaking up to form smaller 
elements. Irregularly shaped bodies are numerous. In some neurones there 
is a greater concentration of Golgi substance between the nucleus and the 
cell process than in those of the normal tissue, and there is often a tendency 
for several Golgi bodies to lie close together so as to form small groups in the 
cytoplasm. In many cells the nucleolus is breaking up, and sometimes darkly 
stained material is present round it (Text-fig. 7). 

Sheep II. The Golgi material is similar to that of the Purkinje cells of Sheep 
I, except that the grouping of several Golgi elements together is less pro- 
nounced. 
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Sheep fV. Golgi material is present as irregular masses. Long filaments are 
absent and comparatively little Golgi substance is present in the process (Text- 
fig. 8). In some cells the Golgi bodies are small and are probably formed by 
fragmentation of larger masses. 

It is concluded that the first visible results of infection of the Purkinje cells 
are hypertrophy of the Golgi material, the disappearance of long filaments, 
a reduction in the amount of Golgi substance in the cell process, a tendency 
to a concentration of Golgi material anterior to the nucleus, and for a group- 
ing of Golgi bodies in the cytoplasm. This is followed by fragmentation. 

3. Medulla Oblongata 

Normal Sheep 

The following account is based upon the examination of the large multi- 
polar nerve-cells of the medulla oblongata, which contain a large number of 
filamentous and irregularly shaped Golgi bodies. As in the normal cells of 
the cerebrum and the cerebellum, many of the bodies seem to be joined to 
form a network, and filaments extend into the cell processes (Text-fig. 9). In 
the cells of the medulla of the lamb (Sheep V) the Golgi material is greater in 
amount than in the older animal ; it often more closely surrounds the nucleus 
and is concentrated in the neighbourhood of one or more of the cell processes 
(Text-fig. 10). The Golgi elements are similar in appearance to those of the 
cerebrum and cerebellum. 

Sheep infected with the Virus of Louping-ill 

Sheep /. In some of the multipolar cells numerous long filaments are 
present, while in others most of the Golgi substance is in the form of irregular 
bodies. Filaments are more numerous in the basal part of the cell processes 
than elsewhere, but in many cases the Golgi material in these regions is con- 
siderably less than in the corresponding parts of the normal cells (Text-fig.. 1 1). 

Sheep II. Most of the neurones are similar to the cells of Sheep I, but in 
some cases the large masses of Golgi material appear to be breaking up. 

Sheep IV. The Golgi bodies are smaller than in normal cells. Short fila- 
ments may be present in the processes but are absent from other parts of the 
neurones (Text-fig. 12). 

The Golgi material of the infected multipolar nerve-cells of the medulla 
undergoes hypertrophy which is not so marked as in the pyramidal cells of the 
cerebral cortex and the Purkinje cells of the cerebellum. The chief effects of 
the virus seem to be the disappearance of long filaments, a reduction in the 
amount of Golgi substance in the processes, and finally fragmentation of the 
Golgi bodies. 

4. Spinal Cord 

Normal Sheep 

The multipolar motor nerve-cells of the ventral horns were chiefly used for 
this part of the study. Cells in other parts of the cord were also examined, 
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All figures from Aoyama preparations. 

Fig. 10. Lamb (Sheep V). Multipolar cell of medulla. Fig. ii. Sheep I. Louping-ill. Multi- 
polar cell of medulla. Fig. 12. Sheep IV. Louping-ill. Multipolar cell of medulla. Figs. 13 
and 14. Normal sheep. Motor nerve-cells of ventral horn of spinal cord. Fig. 15. Sheep I. 
Louping-ill. Motor nerve-cell of ventral horn of spinal cord. Fig. 16. Sheep IV. Louping-ill. 
Motor nerve-cell of ventral horn of spinal cord. 

The scale represents a length of 30 /u. 
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and the distribution and structure of the Golgi material was found to be 
similar to that in the cells of the ventral horns. 

The form and arrangement of the Golgi material varies somewhat in differ- 
ent cells. In some of the neurones irregularly shaped bodies predominate and 
in others filaments are very numerous. In a few cases the Golgi substance 
surrounds the nucleus and appears to form a network. Filaments are present 
in the basal region of the axon and the dendrons (Text-figs. 13 and 14). 

Sheep infected with the Virus of Louping-ill 

Sheep 1 . The Golgi material of some of the motor cells of the ventral horn 
is hypertrophied and is fairly evenly distributed through the cytoplasm; 
filaments are not numerous. In a large number of neurones it closely surrounds 
the nucleus, or forms several groups scattered through the cell. Filaments 
are short or absent, and the irregularly shaped Golgi bodies are smaller than 
in normal tissue. The Golgi material is reduced in amount or is absent in the 
majority of the cell processes. Several small nucleoli are frequently present 
(Text-fig. 15). 

Sheep II. The distribution and structure of the Golgi material is similar to 
that of Sheep I. 

Sheep IV. The Golgi substance of some of the motor nerve-cells is hyper- 
trophied, but in most cases it consists of comparatively small bodies either con- 
centrated about the nucleus or else situated in small groups distributed 
through the cytoplasm. It is often absent from the axon and the dendrons 
(Text-fig. 16). 

The changes in the morphology and distribution of the Golgi substance 
within infected motor nerve-cells of the ventral horns is very marked. The 
Golgi material varies in distribution, but in all the cells examined it consists 
of bodies which are smaller than those of the normal tissue, and a net-like 
structure is never present. The first visible change in the Golgi material is 
hypertrophy, and this is followed by a grouping of the Golgi elements and their 
fragmentation to form smaller bodies. Infection is also followed by a breaking 
up of the large filaments of the normal cell, and the reduction and disappear- 
ance of the Golgi substance in the axon and in the dendrons. 

Discussion 

Observations on the neurones of the central nervous system of normal and 
infected sheep show that the Golgi material undergoes changes consequent 
upon the invasion of the cells by the virus of louping-ill. In all the types of 
infected nerve-cells examined by the writers the Golgi substance hypertrophies 
and finally breaks up. The main visible changes are, therefore, similar to 
those described by Rio-Hortega (1914), Findlay (1929), Ludford and Findlay 
(1926), and by Ludford (1928) as due to the invasion of cells by other viruses. 
In addition certain other features of the behaviour of the Golgi material are 
noted. 
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The cells of the spinal cord and the pyramidal cells of the cerebral cortex 
show the greatest changes. The Golgi material of the Purkinje cells of the 
cerebellum differs considerably from the normal, but not to the same degree 
as in the neurones of the cerebrum and spinal cord. The Golgi material of the 
multipolar cells of the medulla does not undergo marked hypertrophy, but, 
like that of the other cells investigated, finally breaks up. In the neurones 
from the different regions the Golgi substance in the cell-processes becomes 
reduced in amount and in some cases disappears completely. In the cere- 
bellum and spinal cord the Golgi elements often form groups scattered through 
the cytoplasm. The Golgi material tends to move away from the basal part of 
infected cells of the cerebrum and cerebellum. Certain cells in the cerebellum, 
medulla, and spinal cord of the infected animals, particularly in Sheep IV, 
contain numerous argentophil granules. As some of these cells stain deeply 
with haematoxylin and others stain very faintly, it was not possible to deter- 
mine with certainty if they are necrotic or imperfectly preserved by the silver 
technique. If the cells are necrotic the argentophil granules may represent a 
later stage of fragmentation of the Golgi material than is described in tne 
preceding sections of this paper. 

Hurst (1931) found that in experimental louping-ill of the monkey the 
Purkinje cells of the cerebellum were severely affected, but that in the mouse 
necrosis may be slight. Brownlee and Wilson (1932), describing the histo- 
pathology of the nervous system, observe that necrotic neurones were not 
identified in the cerebral cortex of sheep infected experimentally with louping- 
ill, but were present in two natural cases. In both experimental and natural 
cases a variable number of Purkinje cells were always destroyed. Necrotic 
nerve-cells were also observed in the medulla and spinal cord. In the pig 
there was relatively little destruction of the nerve-cells, while in the mouse 
the principal lesion was necrosis of most of the large neurones of the medulla 
and spinal cord. The observation of Brownlee and Wilson that necrotic cells 
are not present in the cerebral cortex of experimental sheep, but are present 
in the cerebellum, medulla, and spinal cord, suggests that the cells containing 
argentophil granules present in the animals described in the present paper are 
necrotic and in a late stage of the fragmentation of the Golgi material. The 
writers found that the Golgi substance was not always at the same stage of 
degeneration in all the cells of a particular region of the brain or spinal cord. 
This agrees with previous work on the histopathology of louping-ill. 

On comparing the Golgi material of the neurones of the brain and spinal 
cord of the lamb (Sheep V) with similar cells of the normal adult sheep it was 
found that in the lamb a greater number of cells possessed Golgi substance 
which appeared to form a network around the nucleus, and which was often 
composed of very thick strands. Andrew (1939) claims that in the nerve-cells 
of young mice the Golgi material consists of large oval bodies connected by 
short threads to form a reticulum. In older animals the bodies connected by 
threads are smaller, and in some cases threads are absent. In old mice the 
Golgi material is present as granules scattered through the cytoplasm. 
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Many cytologists believe that the Golgi material is always present as sepa- 
rate bodies and that the appearance of a network is an artifact (Bourne, 1942). 
In the nerve-cells of the sheep it is impossible to determine with certainty if a 
network sometimes exists. The occurrence of separate bodies in a large 
number of the cells of the normal sheep examined suggests that the Golgi 
substance is always present as discrete elements which under certain conditions 
may be situated close together in the cytoplasm. 

Summary 

1. The Golgi material of the pyramidal cells of the cerebral cortex, the 
Purkinje cells of the cerebellum, and the multipolar cells of the medulla 
oblongata and ventral horns of the spinal cord of the sheep is present as 
filaments and as irregularly shaped bodies. In some of the cells, particularly 
in the lamb (Sheep V), the Golgi material has the appearance of a network. 
As it is frequently present as separate bodies it is suggested that it may always 
consist of discrete Golgi elements which are sometimes situated in close 
proximity or in contact with one another. Filamentous Golgi elements are 
present in the basal part of the cell processes. 

2. An examination of neurones from the corresponding regions of the 
central nervous system of sheep infected experimentally with louping-ill 
showed that the Golgi material undergoes changes consequent upon the 
invasion of the cells by the virus. The Golgi material undergoes hypertrophy, 
and at the same time there is a reduction in the number of filamentous Golgi 
elements and a reduction in the amount of Golgi substance present in the cell 
processes. These changes are followed by fragmentation. All the neurones of 
a particular region are not affected equally at the same time. I he Golgi 
material of the Purkinje cells tends to form groups in the cytoplasm prior to 
fragmentation. In the multipolar cells of the medulla oblongata the hyper- 
trophy of the Golgi material is not as great as in the other regions of the central 
nervous system. The Golgi material of the motor nerve-cells of the ventral 
horns of the spinal cord undergoes considerable hypertrophy which is followed 
by a grouping of the Golgi elements and fragmentation. 
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A Quantitative Study of the Osmium Impregnation of the 
Contractile Vacuole of Chilomonas paramecium 
(Cryptomonadina) 

BY 

J. D. SMYTH 

(Department of Zoology , University of Leeds) 

With two Text-figures 


Introduction 


T HE application of the metazoan Golgi techniques of Weigl (Mann- 
Kopsch) and Kolatchev to Protozoa has shown that the region imme- 
diately surrounding the contractile vacuole in many organisms is very 
osmiophilic. This was first shown by Nassonov (1924, 1925), who demon- 
strated the presence of osmiophil cortices around or associated with the 
contractile vacuoles of Paramecium caudatum, Lionotus folium , Nassula 
laterita , Bogie lella sp., Childon sp., Campanella umbellaria , Epistylis gallea , 
Zoothamnium arbuscula, Vorticella sp., and Chilomonas paramecium. Nassonov 
attempted to homologize the osmiophil material and the contractile vacuole 
in these forms with the Golgi apparatus in metazoan cells — a hypothesis 
which was only accepted in part by later workers. 

The osmium techniques have since been applied to a great many different 
Protozoa, and a vast amount of literature has been published on the whole 
question of the homology of the Golgi apparatus in Protozoa; this problem 
has recently been reviewed in detail (Smyth, 1944) and will not be discussed 
further here. 

Apart from the question of homology of the Golgi apparatus, the fact that 
there is in many Protozoa a ring of osmiophil material surrounding the con- 
tractile vacuole is in itself of interest. There is much evidence from the 
literature of the problem to show that in the hands of different workers the 
osmium techniques have produced very different results — even in work on 
the same organism. Any cytologist who has worked constantly with the 
osmium technique is aware of the fact that it is very inconsistent in its results, 
sometimes giving beautiful preparations, at others failing to impregnate 
completely. Gatenby (1941) writes: ‘As regards the technique, it must be 
at once admitted that it can be capricious. The reason or reasons for this are 
unknown to cytological technicians.’ 

It is not surprising then to find, that with work based on such a fallible 
technique, discrepancies in the results of different workers are common. 
For example, in the case of the Cryptomonad, Chilomonas paramecium , 
Nassonov (1924) impregnated the contractile vacuole with osmium, but did 
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not mention whether his preparations were always successful; in the same 
organism Hall (1930) described the contractile vacuole wall blackened in 
only 54 per cent, of the specimens; Gatenby and Smyth (194°) stated that 
in normal undividing cultures of Chilomonas the contractile vacuole was 
impregnated in 99 per cent, of the organisms examined; Patten, and Beams, 
however, were unable to impregnate the contractile vacuole in this organism, 
though specimens of Euglena in the same culture solution were successfully 
blackened. Similarly, in Colpidium colpoda the present writer (1941) showed 
that the contractile vacuole in this form has a very well-marked osmiophilic 
cortex, the presence of which had been previously denied by Hall and Alvey 
( i 933) using essentially the same technique. 

Numerous other examples could be quoted from the literature of protozoan 
cytology, but those given above suffice to show that there is a need for an 
investigation into the factors governing osmium impregnation, and that until 
these factors are fully understood it seems likely that further confusion will 
only arise in future work on this problem. 

In the present paper a preliminary investigation into sdme of the possible 
factors governing impregnation of the contractile vacuole in Chilomonas 
paramecium is described. This organism has the advantage that it has been 
investigated cytologically by several workers and its general morphology is 
consequently well known; it is easy to obtain in almost pure cultures which 
can be maintained for some considerable time without difficulty, and it is 
sufficiently large to enable its contractile vacuole and related structures to 
be observed without difficulty. 

Previous Work 

Only one attempt has been made to throw light on the osmic impregnation 
of Protozoa by a quantitative investigation. MacLennan (1940) investigated 
the impregnation of the contractile vacuoles of Actinosphaerium eichhorm t, 
Epidinium caudatum , Eudiplodinium maggii , Haptophrya michiganensis , 
Ichthyophthirius multifiliis , Metadinium medium , and Ostracodinium mono- 
lobum. Only in Haptophrya and Metadinium was the contractile vacuole 
impregnated in 100 per cent, of the organisms examined. In the remaining 
ciliates the percentage impregnation was considerably lower, varying between 
33 and 64 per cent. MacLennan attempted to explain the inconsistency of 
impregnation of the contractile vacuole in these forms as being due to the 
fact that the osmiophily varies with the phase of the vacuole. He states 
that ‘the impregnation of the contractile vacuoles is consistent when like 
functional stages are compared and the apparent inconsistency in impregnation 
shown in Table 1 (MacLennan’s paper) is due to lack of analysis of the data*. 
He claims that the quantitative variation as shown by his results is correlated 
with the ‘cyclic granular aggregations demonstrated in living specimens’. 
The ‘granular aggregations’ referred to by MacLennan when concentrated 
around the contractile vacuole are considered to represent the so-called 
‘osmiophil cortex’ of Protozoa; he considers there is no true osmiophil 
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vacuolar membrane in any of the forms studied except Haptophrya . Although 
MacLennan states, ‘The slides were searched systematically with the aid of 
a mechanical stage and all the individuals of the species in question were 
studied and the impregnation recorded’, no details of the numbers of organ- 
isms studied were given, nor does he give any statistical evidence as to the 
accuracy of his results. 


Material and Methods 

An account of the Weigl method as used for Protozoa has already been 
given in a previous paper (Gatenby and Smyth, 1940), but a slight variation 
of the usual technique is used in the present work and will be described here 
in some detail. 

The organisms were obtained from an infusion of soil and leaves to which 
some boiled hay solution was added. Unlike most flagellates common in hay 
infusions, Chilomonas paramecium will remain in large numbers in such a 
culture — apparently being able to withstand quite large changes in pH. 
A good culture will remain in a flourishing condition for several months, 
provided a little fresh tap-water is added to keep up the water-level, and the 
culture is covered to keep bacterial pollution at a low level. The organisms 
were concentrated by gentle centrifuging in a hand centrifuge. After con- 
centration the flagellates were shaken up to break up any clumps and were 
allowed to remain in about £ in. of solution in the centrifuge tube ior half 
an hour to allow any cytological disturbances caused by centrifuging to sub- 
side. Fixation with Mann’s fluid followed. In order to keep uniformity 
throughout the series of experiments, the amount of fixative was kept con- 
stant — 3 c.c. were msed in every case. This was introduced into the centrifuge 
tube by means of a fine pipette — the fixative being squirted in very suddenly 
to produce as instantaneous and uniform a fixation as possible. The tube 
was then shaken further for a few minutes to complete the mixing. After 
fixation the organisms were washed in two changes of distilled water — 15 
minutes each — brought into 3 c.c. of pure osmium tetroxide solution, and 
transferred to an osmication tube and placed in an oven at 32 0 C. Details 
of the tubes and the fixation varied in different experiments and will be 
described under the various sections. After osmication was completed, or, 
in some experiments, during the process of osmication, the organisms were 
removed from the osmium tetroxide with a fine pipette and mounted in a drop 
of Farrants’s medium. This latter mounting medium allows of surprisingly 
clear cytological observation of the osmicated Protozoa, and has the advantage 
that it enables a very small number of the flagellates to be removed and 
examined — a procedure which is difficult if they have to be dehydrated, 
cleared, and mounted in balsam. The percentage of impregnated organ- 
isms was counted carefully by observation under oil immersion, the field 
being moved uniformly by means of a mechanical stage. In each prepara- 
tion the number of impregnated organisms in the first 500 observed were 
taken. 
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Morphology of Chilomonas Paramecium 

A detailed account of the morphology of this Cryptomonad has already 
been given in a previous paper (Gatenby and Smyth, 1940) and only a brief 
description will be included here. The organism is about 20 jx in length, 
but the size varies considerably with the state of nutrition. The nucleus is 
spherical and median with a large nucleolus. There are two anterior flagella. 
The gullet is deep and contains peripheral trichocysts. The single contractile 
vacuole is anteriorly placed, and lying between it and the nucleus are two 
(in old cultures) or one (in rapidly dividing cultures) large ovate endoplasmic 
bodies, which have been identified as pyrenoids. In addition to the osmiophil 
material associated with the contractile vacuole, a number of small scattered 
osmiophil granules are invariably found in the region between the vacuole 
and the pyrenoids. 

The Stages of Impregnation 

Examination, of preparations made at intervals during the osmicating pro- 
cess showed that the impregnation of the contractile vacuole of Chilomonas 
follows a very definite course, which, for the sake of description, can be 
divided into a number of more or less well-defined stages. The earliest sign 
of impregnation is the appearance around the contractile vacuole of a ring of 
light greyish-coloured granules of almost uniform size (a, Text-fig. 1). These 
granules follow the perimeter of the contractile vacuole very closely, but as 
far as could be observed do not lie on or in any distinct vacuolar membrane. 
This ring of granules is complete except for a small break in its periphery, 
equal in length to about one-sixth of its circumference. The position of 
this gap is always the same, i.e. it lies on the side of the contractile vacuole 
nearest to the gullet. The area between the contractile vacuole and the 
pyrenoids is occupied by a few scattered greyish granules of approximately 
the same size as those surrounding the cortex. 

At a slightly later stage (b, Text-fig. 1) the granules around the vacuole 
become more heavily impregnated and losing their greyish colour become now 
a very dense black. At the next stage (c, Text-fig. 1), the material around the 
vacuole loses its granular nature and appears as a definite osmiophilic ring, 
which, however, still shows the peripheral break in most cases. Its granular 
origin is evident from the wavy irregularity of its outline, and the fact that 
stages intermediate between B and c are easily found in all preparations. As 
osmication proceeds, the impregnation of the vacuole becomes increasingly 
heavier and the thin wall found in stage b becomes thickened to form a dense 
osmiophilic cortex with a small osmiophobic area in its centre (d and E, 
Text-fig. 1). In preparations osmicated for sufficient time to show both these 
stages, the peripheral break is seldom visible; there is little doubt from the 
appearance of the earlier stages that this gap in the cortex becomes obliterated 
by the over-impregnation of the osmium. Prolonged osmication results in 
the complete impregnation of the whole contractile vacuole region, and an 
apparently solid mass of osmiophil material showing an irregular outline is 
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obtained (f, Text-fig. 1). The impregnation of the central (osmiophobe in 
earlier stages) area of the vacuole varies quite considerably in this final stage, 
and is seldom actually as heavy as the cortical region, though this appears 
to be the case at first sight. By using a very strong and concentrated source of 
illumination, this central region in some cases can be seen to be made up of 
a thin osmiophil layer which is in the nature of a membrane lying within 
the more heavily osmiophilic outer layer. In other cases, however, the central 
region appears to be as heavily impregnated as the outer cortex, and is 
equally opaque even with very intense light. 



Text-fig. i. Stages in the impregnation of the osmiophil cortex of Chilomonas paramecium . 

Somewhat diagrammatic. 


Although the course of impregnation is relatively easy to follow and inter- 
pret, it must be emphasized that the various stages outlined above by no 
means complete the picture, for since the process of impregnation is a con- 
tinuous one, as is to be expected, a number of stages intermediate between 
those described above are found in all preparations. Moreover, the degree 
of impregnation in any culture after a given time of incubation is not by any 
means uniform, and a number of different stages can be seen in any one 
preparation. 

An analysis of the percentage of different stages found in a typical culture 
(using sample a 0s0 4 ) showing 70 per cent, maximum impregnation pro- 
vides some interesting results. After 16 hours’ incubation the first five stages 
a to E are all visible; about 64 per cent, show stages B or c and only some 
17 per cent, are in the earliest impregnation phase. Approximately 16 per 
cent, have progressed to stage d, and a very small number (3 per cent.) show 
stage E. The complete impregnation of the vacuole (stage f) is never shown 
in organisms osmicated for less than 30 hours. After 27 hours’ incubation 
the distribution of the stages follows the course expected, namely, there is 
a decrease in a, b, and c, wjiich is compensated by a marked increase in D 
and e. After 66 hours stage e reaches its peak and large numbers have reached 
the total impregnation stage f, while the earlier stages a to d are much less 
frequent. Further osmication shows that numbers of organisms previously 
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at stage e have been converted to f, and in the final observation (162 hours) 
two-thirds of the impregnated organisms are at the f stage, 21 per cent, 
are at stage e, and only a very small proportion of the earlier stages, (total 
12 per cent.) can still be found. 

At all stages of impregnation the scattered osmiophil granules — the first 
appearance of which was noted in the earliest stage — were present. Apart 
from becoming more densely blackened, theif appearance changed little 
during the later period of impregnation. 

Impregnation under normal Conditions 

Normal conditions are those described under ‘Methods* in the earlier 
sections. The first set of experiments were designed to determine whether 
under uniform conditions of fixation and osn^ication the percentage of 
organisms that are impregnated is constant. 

The tubes used to carry out the osmication in this series of experiments 
were of ordinary drawn glass with measurements of 5 X 1 cm. Before use 
they were carefully cleaned first with soap and water, secondly with chromic 
acid, and finally rinsed in tap-water followed by distilled water. Fixation 
time was kepf constant at 60 minutes. In one series of experiments a number 
of organisms were fixed simultaneously in the same centrifuge tube, and, 
after washing, were divided into three parts and transferred to three separate 
tubes for osmication. A second series of organisms was treated in separate 
centrifuge tubes, and after washing transferred to three separate tubes. Two 
samples of osmium tetroxide, a and c, obtained from different manufacturers, 
were used. In previous cytological studies on Protozoa, a had been found to 
give good impregnation results and c poor results, but the samples had not 
been tested quantitatively. 

The results of a series of experiments of this nature are given in Table 1. 
The differences between the figures of the percentage osmication with the 
two samples of osmium tetroxide were in all cases highly significant, the 
impregnation with A being nearly twice that obtained with c. Organisms with 
common fixation and separate osmication showed a high degree of uni- 
formity of impregnation, with standard deviations of 0*85 and 1*22 for A 
and 2*35 and 0*47 for c. It must be noted, however, that although the im- 
pregnation of any group of three tubes with a common fixation was fairly 
uniform, the difference in the figures for any two experiments of the same 
type with the same sample of 0s0 4 was significant, i.e. the results of any one 
experiment were not reproducible. Cultures, both fixed and osmicated 
separately, showed standard deviations between the three tubes — in three 
out of the four experiments — that were significantly higher than cultures with 
a common fixation. 

In order to investigate more fully the process of impregnation under 
normal conditions the rate of impregnation of vacuole of two cultures using 
the two samples of osmium tetroxide was determined. The procedure 
adopted was identical with that described previously for investigating the 
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stages of impregnation — namely, samples were taken at intervals during the 
osmication process and the percentage of impregnated organisms — in this 
case independently of their stages — were counted. 


Table i. Percentage impregnation after common and separate fixation. 
Two different samples of osmium tetr oxide used for osmication 


0s0 4 

sample 

Fixation 

Per cent, 
impregnation 

| Mean 

Standard 

deviation 

Standard 

error 

A 

Common 

84*0 

1 





82-5 

! 83-67 

085 

0-49 



84-0 

1 



A 

Common 

71 'O 

| 





70-5 

j 71-5 

I 22 

071 



73-0 

1 



C 

Common 

30-0 






25*0 

26-66 

2-35 

1-36 



25-0 

j 



C 

Common 

310 






310 

30-66 

0-47 

0*27 



30-0 

: 

i 


A 

Separate 

70-0 






75-o 

76*66 

6-24 

3-60 



85-0 




A 

Separate j 

74-0 






70*0 

j 68-66 | 

S-46 

315 



62-0 

| j 



C 

Separate ! 

35-o 

f j 





30-0 

3 1 '66 

2-36 

1-36 



300 


j 


C 

Separate 

30-0 






33-o 

1 33 0 

2-45 

! i -42 


36-0 


The results are shown graphically in Text-fig. 2. With sample A the maximum 
impregnation is almost reached within 16 hours, i.e. the majority of vacuoles 
which will be finally impregnated become impregnated within this time. 
With the poorer sample of osmium tetroxide— sample c — the initial impregna- 
tion rate is slow, but the percentage impregnation rises slowly with time, to 
settle to a steady figure in about the same time (approx. 100 hours) as 
sample A. From these curves it is at once evident that prolonged osmication 
cannot increase the percentage of impregnated organisms in any single 
culture. 

Effect of Mixing on Impregnation 

During the course of examination and counting large numbers of prepara- 
tions of osmicated Chilomonas , it was noted that in the case of very poorly 
impregnated cultures, i.e. cultures showing less than 30 per cent, impregna- 
tion, the impregnated organisms appeared sometimes in clumps in the field 
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of the microscope. This suggested the possibility that fixation or osmication, 
or both, was not uniform throughout the culture solution, and that some 
parts had been better fixed than others or were in closer contact with the 
osmium tetroxide solution during the incubation. 



Text-fig. 2. Rate of impregnation of the osmiophil cortex of Chilomonas paramecinm 
with two samples of osmium tetroxide. 

In order to eliminate any possible error due to this cause, experiments 
were carried out in which the solutions were kept in constant motion during 
the entire processes of fixation and osmication. The tubes containing the 
organisms were placed in a small box fitted to the axle of an electric motor, 
which rotated five times a second — a speed sufficient to mix the contents 
thoroughly and yet not centrifuge them to one end of the tube. The organ- 
isms were rotated during fixation, washing, and osmication— in the latter 
case the whole arrangement being fitted into the incubation oven. 

The results obtained are shown in Table 2. The percentage impregnation 
^showed a much greater variation with both specimens of osmium tetroxide 
than when osmicated under normal conditions. This was especially noticeable 
with sample a, when the impregnation figures in three experiments fell well 
below 30 per cent. — a low level never obtained in normal experiments with 
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this sample. In the first set of experiments of this nature ordinary corked 
tubes were used as before, and it was noted that since the corks came into 
contact with the osmium solution more frequently as a result of rotation, 
the former became more heavily blackened than was usual, and it was thought 
that this might possibly have some effect on the impregnation. In order to 
eliminate any factor introduced by this the experiments were repeated with 
tubes that had been sealed completely by means of a fine hot gas flame. 
Although some of the individual results were higher than those obtained with 

Table 2. Percentage impregnation after continual mixing during fixation and 
osmication , using corked and sealed tubes , with two specimens of osmium 

tetroxide 


0 s 0 4 ‘A’ 0 s 0 4 ‘C’ 


Corked 

Sealed 

Corked 

Sealed 

tubes 

tubes 



tubes 

tubes 

78-0 

41-0 

40-0 

4-0 

6 1 -o 

38-0 

29-0 

30-5 

25-0 

8 S -o 

3 °"° 

26 5 

93-0 

1 90-0 

i 7*5 

34 -o 

200 

1 i 7 -o 

1 5 '5 

160 

17-5 

21 0 

23-0 

70-0 

Standard 

r~ - 



deviation 30 0 

25-4 

83 

204 


corked tubes, the variation between the percentage impregnation for a given 
specimen of osmium tetroxide was still considerable and in no way compared 
with the more uniform results obtained by using stationary tubes. It is 
interesting to note, however, that in one case of osmication with c, the effect 
of rotation gave an impregnation figure of 70 per cent. — a result considerably 
higher than any previously obtained with this sample in stationary tubes, 
and comparable to that obtained with the better sample of the osmium 
tetroxide. 


Effect of F ixation Time on Impregnation 

Organisms were treated as for normal osmication, but fixed for different 
periods of 5, 30, 60, and 90 minutes, both samples of osmium tetroxide 
being used. 

Results of the four experiments carried out are shown in Table 3. It is 
at once evident that with either sample of the osmium tetroxide the im- 
pregnation shows no correlation with the fixation time, and that the variation 
between the impregnations obtained with either a or c for different fixation 
times is only that approximately to be expected under normal conditions as 
shown in Table 1, and as far as can be determined the period of fixation— 
within the limits of the above experiments— has no effect on the final im- 
pregnation. 
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Table 3. Percentage impregnation for different fixation times , using two 
specimens of osmium tetr oxide for osmication 


Fixation 

time 

OsO 

4 ‘A’ 

OsO 

. ‘C’ 

minutes 

Exp. 1. 1 

| Exp. 1.2 

Exp. 1.3 

Exp. 1.4 

5 

70-0 

76-5 

33 0 

30-5 

*5 

71 *0 

73-0 

40-0 

30*0 

30 

80 -o 

66 0 

31-0 

30-0 

60 

85-0 

70*5 

3 i *5 

36-0 

90 

83-0 

63*0 

360 

34 ‘O 


Discussion 

The cytological pictures presented by the contractile vacuole of Chilomonas 
during the various stages of its impregnation are difficult to interpret. The 
appearance of the osmium precipitate in the form of granules suggests that 
the so-called osmiophil cortex may be granular in origin. The occurrence 
of perivacuolar osrtiiophil ‘granules’ has been noted previously in a few other 
Protozoa. In the Ophryoscolecidiae MacLennan (1933) has claimed that the 
warm method of impregnation produced a thick osmiophil membrane 
around the contractile vacuole, whereas the longer method at room tempera- 
ture demonstrated the same region to be granular. He also suggested that 
since the solid cortices around the contractile vacuoles of forms such as 
Chilodon and Dogielella, as figured by Nassonov (1924, 1925), showed a 
distinct granular roughening in the outer region, the solid structures described 
by him are really artifacts produced by over-osmication. 

In Plagiopyla (Smyth, 1941) the impregnation of the contractile vacuole 
goes through a series of stages almost identical with those described in Chilo- 
monas : ‘The osmiophil cortex first makes its appearance as a thin ring of 
black beads. On further impregnation the beads coalesce, and the typical 
osmiophil cortex is produced. Further impregnation makes the ring so thick 
that the whole structure appears solid.’ The phases in this form were not 
investigated in any great detail, and no figures are available. In Lagenophrys 
(quoted by Gatenby, 1941) Willis has described ‘blackening of the accumu- 
lated granules which give the appearance of a distinctive Golgi cortex to the 
contractile vacuole’. Gatenby (1941) has shown that in Vorticella during 
binary fission the osmiophil cortex of the parent cell passes over completely 
to one daughter organism, whereas a new one is formed in the other by the 
accumulation of scattered osmiophil granules around the contractile vacuole. 

On the other hand, it must be emphasized that there is some evidence from 
metazoan cytology that granular precipitates of heavy metals — notably silver 
— may not necessarily indicate the presence of pre-formed granules. Barnett 
and Fisher (1943), using the acid silver nitrate method to demonstrate the 
presence of vitamin C in artificial mixtures of olive oil, ground glass, or 
kieselguhr in gelatine solutions, found that the form of the silver precipitate 
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had ‘no bearing on the prior localisation of ascorbic acid* and concluded that 
‘it is unjustifiable to infer the whereabouts of ascorbic acid within the cell 
from the site of the silver precipitates by the silver nitrate method*. Bourne 
(1944), however," has criticized their results and has cited cases where exact 
correspondence was obtained between granular mitochondria stained in 
Janus green B and vitamin C granules in adjacent frozen sections of various 
tissues (Bourne, 1935; Leblond, 1934; Giroud, 1938). Thus, in some cases 
at least, metallic precipitates in the form of granules would seem to indicate 
the presence of pre-formed granules. Nevertheless, the peri vacuolar 
‘granules* in Chilomonas have never been demonstrated by methods other 
than those based on the reduction of osmium tetroxide, and the possibility 
that these osmiophil granules merely represent the first stage in the reduction 
of the osmium tetroxide in a specialized area, and not necessarily pre-formed 
granules, must therefore not be overlooked. 

Nassonov (1924) figures the ‘broken-ring’ type of osmiophil cortex in 
Chilomonas as representing that of a contractile vacuole in diastole, and con- 
sidered the completely impregnated vacuole to represent the condition found 
at systole by the collapsing of the osmiophil cortex. From the fact that in 
the present experiments the very early impregnation stages (about 16 hours) 
showed only open rings, whereas the very prolonged stages showed mainly 
completely impregnated vacuolar areas, it must be concluded that the so- 
called ‘systole’ condition of Nassonov is simply due to over-impregnation, 
and that the osmiophil material in Chilomonas does not change during the 
vacuolar cycle. 

Since the contractile vacuole itself undergoes collapse, whereas the osmio- 
phil cortex does not, it is evident that the latter lies outside the region of the 
contractile vacuole proper. Some workers have taken the impregnation of 
the vacuolar region as being indicative of the presence of a vacuolar membrane, 
but if the osmiophilic area lies outside the vacuole, this provides no evidence 
for the existence of such a membrane. 

The presence of a ‘break’ in the osmiophil ring in the early stages of im- 
pregnation suggests the presence of a permanent pore by means of which 
the contractile vacuole is enabled to discharge its contents to the exterior. 
According to MacLennan (1944), a permanent pore exists in the contractile 
vacuole region of the Ophryoscolecidae where a similar ‘break’ is found, 
whereas in Amoeba proteus — where there is no perivacuolar osmiophil 
material (Singh, 1938) — the vacuolar pore is lacking. 

The results of the quantitative experiments on the degree of impregnation 
show that the percentage impregnation with the same specimen of osmium 
tetroxide and the same fixing fluid can vary quite considerably even under 
the most carefully controlled conditions. The fact that organisms fixed in the 
same tube and osmicated separately give much more uniform results than 
organisms fixed separately, indicates that there is some controlling factor 
introduced at the time of fixation. The only materials concerned in the fixation 
process are (a) the culture solution containing the organisms; ( b ) the fixing 
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fluid; (c) the centrifuge tube. Now since both (a) and (c) are identical in 
any series of experiments, the factor must be introduced by either the centri- 
fuge tube itself or by the actual physical action of fixatipn. Each centrifuge 
tube used in the present experiments was approximately the same size and 
shape and had been treated by a similar cleaning process; it is difficult to 
imagine that there could be any difference between the tubes sufficient to 
cause such variation as is seen with specimen a (Table 1 ) where the percen- 
tage impregnation varied from a minimum of 62 per cent, to a maximum of 
85 per cent. — a difference of 23 per cent. ! It is always possible, however, that 
the process of impregnation is so delicate that the slightest trace of some 
impurity may upset it, as it is well known that in many chemical and physical 
reactions a trace of some impurity can act as a retarding agent which inhibits 
the normal working of the process (Bailey, 1937). It is always evident that 
the actual process of fixation can never be identical since a personal factor is 
always introduced, and it is possible that the speed and uniformity of the 
introduction of the fixative into the centrifuge tube plays a part in the 
determination of the maximum percentage impregnation. Since the control- 
ling factor is introduced at the time of fixation, there is no evidence to suggest 
that with a given specimen of osmium tetroxide the later stages in the 
osmication play any part in the determination of the final impregnation 
figure. The fact that different specimens of osmium tetroxide give such widely 
different figures is further evidence that the impregnation process itself is 
a very delicate one that is easily inhibited by impurities ; indeed it is difficult 
to account for the results of different samples by any other hypothesis. There 
is no evidence to indicate the nature of these impurities, but it is well known 
that the pH is an important factor in the reduction of metals from solutions, 
and it is possible that the impurities in different samples are such as to affect 
this factor. 

The results of experiments with the solutions in constant rotation during 
fixation and osmication indicate that there is nothing to be gained by this 
technique which only produces extremely variable results. In some individual 
cases these are higher than those of normal fixation, but on the whole give 
very poor impregnation. It is difficult to account for the irregular results 
produced by the mixing, and there is no evidence to indicate what factor is 
thereby introduced. Considering the small size of Chilomonas paramecium , it 
is not surprising to find that the length of fixation time has no effect in deter- 
mining the impregnation percentage; but it is interesting to note that the 
power of impregnation with a poor specimen of the osmium tetroxide is not 
increased by prolonging the fixation time, as was first thought might be 
the case. 

MacLennan (1940), from work on a number of Protozoa, stated that the 
irregularity of impregnation was due to a variation in the osmiophily of the 
vacuolar region with the phase of the contractile vacuole, and that ‘impregna- 
tion is consistent, when like functional stages are compared 9 (the italics are 
MacLennan’s). Thus he considered his results to be uniform, and correlated 
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his findings with the fact that, as opposed to metazoan tissues, we are dealing 
with organisms so small that each part is in close touch with the fluids con- 
cerned in the technique. He writes : 

'In the Protozoa, the individual cells are separate and the distance of any granule 
from the free surface is measured in microns rather than millimeters. Thus, fixation, 
washing, impregnation and every other stage of the Golgi techniques are uniform 
with respect to every protozoan in the lot, rather than uniform only with respect to a 
narrow layer of cells eq'ui-distant from the surface. Because of these advantages 
which are inherent in the Protozoa, it is possible to achieve uniformity of conditions 
both with respect to conditions of fixation and impregnation and also with respect 
to conditions within the cell. With these uniform conditions the Golgi impregna- 
tions give uniform results. ’ 

These conclusions are open to serious criticism on the grounds that, as 
far as can be inferred from the data given in his paper, they are based on the 
results of a single series of experiments. Moreover, he does not take into 
account irregularities which may arise due to the specimen of osmium 
tetroxide used. It has been shown in Chilomonas that this is a factor of major 
importance, and it is unlikely that with the Protozoa used by MacLennan 
the same fact does not apply. It seems more likely that the irregularity of his 
results is due either to the osmium tetroxide used or to some inhibitory 
agent rather than to a variation in the osmiophily during the vacuolar phases. 
It is impossible in Chilomonas that the osmiophily varies with the > ucuolar 
phases, for although in the present experiments the maximum impregnation 
reached with normal osmication was only 85 per cent., in a previous paper 
(Gatenby and Smyth, 1940) — where a better sample of osmium tetroxide 
was available- consistent impregnations of 99 per cent, were obtained. 
Since the vacuolar phase must have varied greatly in the large number of 
organisms used it is evident that in Chilomonas there is no relation between the 
percentage impregnation and the vacuolar phase. 

Summary 

1. Examination of the contractile vacuole of Chilomonas paramecium during 
progressive impregnation by the Weigl osmic technique revealed that the 
so-called ‘osmiophil cortex’ appeared first as a number of perivacuolar 
osmiophilic granules. Prolonged impregnation caused these to fuse to form 
a closed ring which, after very prolonged incubation, became a solid osmio- 
philic mass. 

2. Cultures fixed together and osmicated in separate tubes gave more 
consistent impregnations, in any one series, than those both fixed and 
osmicated separately. 

3. With the two samples of osmium tetroxide used, after normal fixation, 
A consistently gave impregnations of 62-85 per cent., and c impregnations 
of 25-36 per cent. 

4. Constant mixing during fixation and osmication was not advantageous, 
and gave more irregular results than normal methods. 
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5. Time of fixation, between the limits of 5 to 90 minutes, had no effect 
on the impregnation. 

6. It was suggested that the irregularities of impregnation with a given 
sample of osmium tetroxide were due to the presence of a trace of some 
retarding agent, possibly introduced at the time of fixation. 

7. It was shown that the osmiophily of the perivacuolar region in Chilo - 
monas did not vary with the vacuolar phase. 
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I. Introduction 

T RICHOMONAS VAGINALIS , parasitic in the human vagina, is the 
type species of its genus. It is the largest, commonest, and most easily 
observed of the human trichomonads, and may be easily cultivated in media 
in ordinary use. Further, it is probably responsible, it now seems, for the 
vaginitis with which it has long been associated ( Trussed, 194°* Trussed 
and Plass, 1940; Hogue, 1943). Obviously, T. vaginalis is an organism of 
some importance to the protozoologist and the physician; yet its life-history 
is imperfectly known and its structure and systematic position are still in 
dispute. 

In 1926 Wenyon suggested that the characters then believed to separate 
the trichomonad of the human vagina from Trichomonas hominis Davaine, of 
the human intestine, might be due to the differences in their habitats. Were 
this so, and T. vaginalis and T. hominis synonyms, there was an evident 
possibility that infection of the vagina might be initiated by the migration 
of flagellates along the perineum from the anus. In the last 20 years, both 
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experimental and morphological studies of the problem have led to disagree- 
ment. The examination of abundant material of T. vaginalis has convinced 
me that this is a good species, separable from all other human flagellates 
on purely morphological grounds. It is the main purpose of this paper to 
describe the evidence for this contention. 

Andrews (1929) found that T. vaginalis in the vaginal secretion was a larger 
flagellate than T. hominis and had a shorter undulating membrane, the 
axoneme of which was not continued posteriorly into a free flagellum (Fig. 1); 
T. hominis had a long membrane with a free posterior flagellum. But these 
differences disappeared in culture and T. vaginalis assumed the form and 
dimensions of T. hominis. At that time the existing accounts of the structure 
of T. vaginalis by Kunstler (1884), Blockmann (1884), Bensen (1910), 
Reuling (1921), Hegner (1925), and Schmid and Kamniker (1926) had left 
so much in doubt that Andrews’s discovery was not sufficient ground for 
uniting the species and she did not formally propose to do so. But in 1934 
Dobell isolated in culture a strain of Trichomonas from the gut of Macacus 
nemestrinus , passed it through the gut of M. rhesus , infected a human intestine 
with it, and, recovering it from the faeces, infected both the vagina and the 
gut of M. sinicus. Meanwhile, Bishop (1931) had given a clear account of the 
structure and division of T. hominis and Dobell referred to his flagellates as 
indistinguishable from those described by Bishop. He provisionally con- 
cluded that the intestinal and vaginal trichomonads of man belonged to the 
same species. This was disputed by Westphal (1935) and Powell (1936), 
who maintained that both forms were always distinguishable in culture.' 
Karnaky (1934) claimed, on very slight evidence, to have infected the human 
vagina with intestinal trichomonads, but Stabler, Feo, and Rakoff (1941), 
Feo, Rakoff, and Stabler (1941), and Stabler and Feo (1941, 1942) failed to 
do so. Since 1926 new descriptions of T. vaginalis have been published by 
Wenrich (1931, 1939), Bland, Wenrich, and Goldstein (1931), and by Powell 
(1936). They all considered T. vaginalis distinct from any intestinal flagellate, 
but their argument was marred by disagreements about characters so funda- 
mental in systematics as the structure of the nucleus and many cytoplasmic 
organs. (The American protozoologists in general . recognize various sub- 
divisions of T. hominis not universally accepted. This taxonomic treatment 
makes no difference to the position of T. vaginalis , but is based on distinctions 
which have never been urged for or against uniting T. vaginalis with any 
intestinal flagellates. Throughout this paper T. hominis is used in its wide 
sense to include the intestinal trichomonads of man and some monkeys 
(see Dobell, 1934).) 

Clearly, we cannot assess the systematic position of T. vaginalis until the 
contradictory statements about its structure are resolved and we know 
enough about its mode of division to support comparison with that of other 
trichomonads. The following studies have been made to these ends. In 
addition, plentiful opportunities to observe the living parasites have enabled 
me to incorporate in this report some notes on their feeding methods. 
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II. Material and Methods 

1. Material 

All the flagellates used in this work were obtained from patients at the 
Exeter Women s Welfare Clinic. A little of the exudate was scooped from 
the vagina in a small spoon, a drop of it diluted with Ringer or the liquid 
component of the culture medium, and examined for parasites. Material 
was often available for study within a few minutes of leaving the host, but 
this is unimportant. Some strains remained active and normal for several 
hours when left at room temperature and I was never able to observe changes 
in any flagellate so kept for half an hour; material was almost always examined 
more promptly than this. 

2 . Culture Methods 

I have attempted no systematic investigation of the reactions of T . vaginalis 
to different culture media, but have been concerned merely to find a method 
by which healthy stocks of flagellates could be maintained for use in the 
laboratory. 

All cultures have been grown on variants of Boeck and Drbohlav’s media 
as described by Dobell and Laidlaw (1926). After preliminary trials it was 
found that the medium known as Ere (coagulated egg slopes covered with 
diluted egg albumen) was easy to prepare and keep, and, after modification 
as described below, gave excellent cultures. Andrews (1929) found it unsatis- 
factory as excessive bacterial growth necessitated daily sub-culture; this may 
be remedied by the addition of a few drops of acriflavine (1 : 1000) to tubes 
containing 4-5 c.c. of liquid. 

For some strains at least, additional carbohydrate is not essential for 
maintaining cultures, though it very greatly improves them. Without it 
growth may be good for a short time, but the flagellates eventually become 
extremely small, sluggish, distorted, and few; they recover a little on sub- 
culture but degenerate again within 24 hours. I have kept some strains in 
this condition for over 2 months, by sub-culturing every other day. The 
effect of adding carbohydrate to such stocks was startling. Trussell and 
Johnson (1941) noted great increases in the populations of cultures after 
adding glucose, maltose, soluble starch, dextrin, or glycogen to their medium, 
but, with Ere, this is not the only effect. After passing a strain through 
25 sub-cultures in 60 days in ordinary Ere, I transferred it to Ere plus 
0*25 per cent, dextrose (= Ere+d). (The substitution of soluble for solid 
carbohydrate reverts to the original recommendation of Boeck and Drbohlav, 
I 9 2 5 -) At the time, prolonged search of three dippings from the old medium 
revealed two tiny, distorted flagellates, feebly beating their flagella from 
time to time; the strain had been in this condition for about 6 weeks. After 
2 days on the new medium, a glance down the low power of the microscope 
showed in the first drop examined scores of large, vigorous, and normal 
trichomonads all over the field. In the old medium, measurements made 
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over the 18 days before the transfer showed a few flagellates 8-9 ft, but most 
5-6 /x in length, excluding the axostyle. After 24 hours incubation in the 
new medium, the first 25 brought at random under the & in. objective varied 
from 10 to 18 ft, and after 48 hours all sizes from 8 to 24 /x, with a mean of 
14 /x, were found in 50 measurements. The small individuals were presumably 
the products of the very rapid rate of division. Over the next 2 months on 
the new medium, tubes usually lasted for 6-7 days or even, though excep- 
tionally, for a fortnight without sub-culturing. 

The addition of sterile rice starch to culture tubes may have a similar 
invigorating effect, but it suffers from some disadvantages. Starch is difficult 
to sterilize. The grains, if ingested, tend to distort the bodies of the tricho- 
monads. Some strains do not ingest starch grains at all; but it is of the 
greatest importance (see below) to understand that such strains may benefit 
considerably from the addition of starch to their medium; they increase in 
size, numbers, and mobility, though not to the extent of those fed on dextrose. 
One fact, important in diagnosis, remains to be noted. According to Dobell 
(1934), who cultivated T. hominis on all varieties of Boeck and Drbohlav’s 
medium, primary cultures from faeces almost always showed abundant 
growths after 24 hours. T. vaginalis is less reliable. Primary cultures, with 
or without additional carbohydrate, were often feeble and short-lived. 
Flourishing sub-cultures have been obtained from primaries in which no 
trichomonads could be found except by prolonged searches of three or four 
dippings, i.e. from cultures very likely to be passed as negative when examined 
by quick routine methods. Early sub-culture from the primary tube is 
essential if negative results are to be accepted. 

To summarize, the following method is recommended to give active, 
healthy, and prolific cultures of T. vaginalis. Slopes of whole egg are auto- 
claved and covered with 4-5 c.c. of a liquid consisting of the whites of 2-4 
eggs in a litre of Ringer’s solution plus 2 - 5 gna. of dextrose, sterilized by 
filtration. Incubate overnight to test for sterility; the medium is then 
approximately neutral. Inoculate with several globules of vaginal exudate 
held in a sterile platinum loop and incubate at 37 0 . Sub-culture next day 
and thereafter every 4 or 5 days according to the state of the cultures. If 
bacterial growth becomes excessive, add 3 or 4 drops of acriflavine to each 
tube for several generations. Trichomonads are found in the whitish pulp 
at the bottoms of the tubes where the solid component of the medium is 
breaking down. Sub-cultures are made by transferring from 0-5 to 10 c.c. 
of this in a sterile pipette— not a loop scraping from the slope— to a new tube. 

3. Cytological Methods 

Most authors agree that T. vaginalis is difficult to fix and stain satisfactorily, 
and I have found the reagents commonly employed to preserve cytological 
detail far more useful than the ordinary protozoological fixatives. Bouin’s 
fluid caused so much distortion of the cytoplasm that it was almost useless. 
Alcoholic modifications of Bouin were very little, if any, improvement on 
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the original aqueous formula, but Schaudinn’s fluid with acetic acid and 
Dobell’s modification of Zenker’s fluid (Dobell, 1943) gave better results. 
The vapour of osmium tetroxide was useful for cytoplasmic fibrillae and 
flagella, provided that the smear was kept always moist. Other authors 
(Schmid and Kamniker, 1926; Westphal, 1935; Wenrich, 1939) have made 
use of dried smears, and by their methods 1 have produced preparations 
resembling some of their illustrations. After comparing these with wet 
smears, I am convinced that the damage done in drying is a dangerous source 
of error, all the more misleading because a dried film can often be stained 
more easily than a wet one. Most of this work is based on smears fixed for 
15-30 minutes in modifications of Flemming’s or Champy’s fluids. The 
variants most commonly used were: (1) Flemming — 1 per cent, chromic acid, 
16 parts; 2 per cent, osmium tetroxide, 4 parts; glacial acetic acid, 1 part; and 
(2) Champy— -3 per cent, potassium dichromate, 2 parts; 1 per cent, chromic 
acid, 2 parts; 2 per cent, osmium tetroxide, 1 part. (Unless otherwise stated, 
the terms ‘Flemming’ and ‘Champy’ in this paper refer to these modifications 
and not the original formulae.) Flemming gave the clearer general picture, 
including that of the nucleus, and Champy beautifully preserved the cyto- 
plasm. Feulgen’s ‘nucleal’ reaction has been tried; after fixation in Flemming 
or osmic vapour and hydrolysis in weak hydrochloric acid for 15-20 minutes 
or 7 minutes respectively, and staining for 3-4 hours, some positive results 
were obtained, but as an aid to morphological study the method was useless. 
I believe that the fault lies in the material rather than the technique, for I 
have obtained better results with similarly treated T. muris. The standard 
method of hardening fixed material in 96 per cent, alcohol for 48 hours, 
mordanting all day in iron alum and staining all night in Heidenhain’s 
haematoxylin (both in aqueous solution), has given by far the most useful 
results. In addition, cytoplasmic inclusions have been studied with the aid 
of Janus Green and the Champy-Kull and Benda techniques for mito- 
chondria. 

It is necessary to say a word in explanation of the style of illustration 
chosen. T. vaginalis is a tiny, delicate, and complex organism, admittedly 
difficult to fix and stain. It has often been found impossible to judge from 
the more or less diagrammatic black and white pictures of some authors 
whether their confident assertions about minute and crowded structures were 
supported by their preparations. I have thought it best to supply portraits 
of individual flagellates as faithful as I could make them and leave the reader 
to assess their value as evidence for both my conclusions and my doubts. 

III. General Observations and Feeding Methods 
1. The Appearance of the Living Organism 

T. vaginalis is already sufficiently well known to require no lengthy general 
description. In length it varies from 6 to 30 p, exclusive of the projecting 
portion of the axostyle and when measured in its natural position as it lies 
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freely in liquid. If correctly fed its size is maintained in culture. When 
undistorted by pressure, it is a plump, spindle-shaped flagellate, with four 
anterior flagella, a short undulating membrane, and an axostyle which often 
projects posteriorly (PI. 1, Figs. 1, 2, and 5). Its cytoplasm contains numer- 
ous round, refringent granules which have been the subject of comment ever 
since Kiinstler, in 1884, mistook them for ingested bacteria. Almost every 
author notes that they tend to be arranged in several rows about the axostyle 
and the basal fibre of the undulating membrane. Now T. vaginalis is, as noted 
by Donne (1836), an exceedingly active and highly polymorphic organism, 
constantly stretching, contracting, and bending almost double, with strong 
flexures of the axostyle (PI. 1, Figs. 2 and 3). These contortions imply that 
its cytoplasm is usually in a state of violent agitation, in the midst of which 
the axostyle and other fibres offer situations of relative stability about which 
the granules may repose. Granules remote from these skeletal structures 
are irregularly arranged and their agitation as the animal moves can be 
observed; the regular arrangement about the fibres is probably a simple 
result of the dynamics of their environment. 

Twice in a vaginal discharge and frequently in culture, exceptionally large 
forms have been seen with plump, immobile bodies and a small, clear, mobile 
anterior region bearing the flagella and membrane. The largest and least 
normal of them exhibited long immobile lobes or ‘fingers’ of hyaline cyto- 
plasm and were degenerating. According to Hogue (1944), who made a 
special study of these forms, they have the peculiar habit of autotomizing the 
large posterior region. She considered them to be produced by the physical 
properties of the semi-solid medium she employed, but I have invariably- 
found numerous smaller, normal trichomonads accompanying the abnormal 
types. From the fact that they occurred only in exceptionally heavy infec- 
tions or in culture tubes with abnormally high populations, I am inclined 
to regard them as hypertrophied individuals produced by overfeeding in 
a specially nutritious environment. 

2. The Feeding Methods 

Setting aside the erroneous views of Kiinstler (1884), who mistook the 
axostyle for an oesophageal tube, we find that later authors give the impression 
of great uncertainty about the cytostome and feeding (Reuling, 1921 ; Hegner, 
1925; Wenrich, 1931, 1935, r 939 )- Schmid and Kamniker (1926) thought 
that a cleft at the anterior end of the body between their two blepharoplasts 
might have been a cytostome. They put forward the unusual view that the 
flagella were withdrawn into this cleft and protruded, on stimulation by 
foreign bodies, to fish for food ; leucocytes were supposed to be ingested by 
pseudopodia. Their observations on living material were supported by some 
on flagellates fixed by drying and stained as Gram smears which cannot be 
accepted as evidence for their isolated opinions. Bland et al. (1931) included 
a cytostome in their diagram of T. vaginalis , but omitted it without comment 
from their paper of the following year. All these authors (except Schmid and 
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Kamniker) agreed that food inclusions were rarely seen in the cytoplasm and 
Reuling thought that feeding might be osmotic/ Bland et al. (1932) found 
little evidence that T. vaginalis ingested bacteria in nature, though they did 
so in culture. Powell (1936) believed that there was no cytostome and sup- 
ported his views with a clear description of feeding, with most of which, as far 
as it goes, I am in agreement. T. hominis has a cytostome through which it 
feeds on small bacteria (Dobell and O’Connor, 1921). 

T. vaginalis feeds on small particles such as bacteria and the detritus 
derived from broken-down coagulated egg and on larger objects such as 
erythrocytes and starch granules and probably on food in solution. Three 
main methods can be distinguished, (i) When feeding on bacteria and other 
minute particles in the liquid part of its environment, T. vaginalis usually 
attaches itself by its axostyle to a cell or other firm base with its body leaning 
out into the liquid, constantly extending and contracting and twisting, with 
flagella and undulating membrane incessantly working. There is no regular 
food stream directed to any constant point on the body. The flagella do not 
beat one after the other in series but all together, like the thongs of a knout, 
usually away from the undulating membrane, but sometimes towards it. 
By their action, bacteria are knocked against the body, usually posteriorly*, 
some are carried there by the membrane, but this does not seem to set up 
any well-marked food current or to have any special importance in feeding. 
Most, if not all, of the particles slip off, but some are recovered by the 
flagella which knock them back again and again on to the body and, sooner or 
later, one of them adheres to the surface. It is noticeable that when a parti- 
cular bacterium is receiving attention, the apparently accidental blows of the 
flagella may be supplemented by stretching and bending movements of the 
body as if the flagellate were reaching out for the particle. Eventually small 
groups of bacteria and other particles make tiny mounds attached to the body 
surface. \ ery slowly, over periods of an hour and more, they disappear. 
I have never seen any pseudopodial action during this process, which is so 
gradual that it is impossible to say, from direct observation, whether dis- 
appearance of the particles indicates that ingestion has taken place, but 
minute inclusions, though rare, are sometimes seen in the bodies of T. 
vaginalis and some particles must at times be ingested, though probably not 
as a general rule, (ii) Large objects, such as starch grains, are dealt with by 
a method which is a modification of that already described, but in which the 
flagellate makes far greater use of its body to hold the object. It wraps itself 
round as much of the grain as possible, at the same time clasping it with its 
flagella, which move only slightly unless the grip is lost, when they knock 
it back into position with repeated blows. From time to time the flagellate 
may shift by relaxing its hold and sliding round the grain to attack it from 
a new angle. After prolonging this treatment for over an hour, trichomonads 
have been seen, on straightening out, to have ingested small starch grains 
which distorted their cytoplasm, (iii) T. vaginalis burrows deeply into 
the soft debris found in the bottom of culture tubes (Bland et al ., 1932). 
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Individuals have frequently been seen, quite motionless, and partly hidden in 
semi-solid accumulations of egg debris; if some movement of the surrounding 
liquid disturbed them, it was noted when they emerged that granules of food 
material were adhering to them; they had evidently been feeding without 
the use of their flagella. At no stage in any of these processes have I 
ever seen a cytostome in use, nor can I identify one with certainty in fixed 

preparations. . 

The following facts appear to support the view that extracellular digestion 
is common among these flagellates. Food inclusions have very rarely been 
seen, and this is in agreement with the observations of most other workers; 
yet all flagellates capture bacteria and, indeed, spend almost all their time 
doing so; no strains ignore them. (Bland et al., i 93 2 > held that adherent 
bacteria were symptoms of ‘lowered vitality’, but they offered no supporting 
evidence and the universality of the phenomenon among even my healthiest 
stocks argues against their supposition.) Strains which do not ingest starch 
grains pay attention to them in the way described. This might be attributed 
to the exercise of a common reaction, however unsuccessful, to food material 
or to solid particles of the right size; but, as already explained, the addition 
of starch improves cultures of strains which do not ingest it. Similarly, 
human erythrocytes were treated like starch grains by strains which did not 
ingest them and, on being discarded, they were seen to be distorted in out- 
line although untouched corpuscles on the same slide retained their normal 
appearance. Finally, as Westphal (1935) pointed out, the adherence of parti- 
cles is not due to the general stickiness of the body surface; it is the symptom 
of a localized, special, physiological condition such as would be produced by 
a secretion at the point of adherence. 

IV. Structure and Division 
1. Cytological Structure 

In stained preparations, the most conspicuous feature of T. vaginalis is 
usually the large number of granules already mentioned (Fig. 3). They vary 
slightly in size and more in number and distribution. They fill up much 
space and obscure most of the other cytoplasmic structures as well as the 
nucleus. Unfortunately, they are best preserved by those fixatives which 
least distort the rest of the body. After fixation with Champy or Flemming 
without acetic (original and modified formulae), they are spherical and stain 
very deeply with iron haematoxylin. Acetic acid does not completely destroy 
them, but commonly attacks them so that, after Bouin or Schaudinn fixation, 
they are less clear-cut and stain less deeply, appearing sometimes as obscure 
dark blots; in such preparations, where preservation of the granules is imper- 
fect, there is a constant danger that they may be mistaken for food inclusions, 
and when, as very frequently, they surround the nucleus, it is most difficult 
to distinguish the outline and contents of that organ; conclusions based on 
methods likely to be affected by this source of error should be considered 
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with great caution. Champy-Kull preparations, with or without post- 
chroming, showed the granules brilliantly stained with acid fuchsin. After 
staining by Benda’s alizarin crystal-violet aniline water method, the granules 
were violet. Apart from the difference in colour, the appearance of the 
granules after these last two treatments is that shown in Fig. 3. Although 
these facts were consistent with the view that the granules were mitochondria, 
it was never possible to stain them vitally with Janus Green (1 in 10,000 for 
upwards of an hour). 

The ‘resting’ nucleus is oval, with a delicate membrane, the outline of 
which is not reinforced by any marginal concentration of chromatic material. 
There is a single karyosome, usually surrounded by a slight halo (Figs. 1, 

1 a, and 2). (The term ‘karyosome’ is here used descriptively as applied to 
similar nuclear granules in other trichomonads and without implying more 
about its homology and nature than stated in this paper.) The rest of the 
nucleus stains only faintly and is probably structureless; a slight unevenness 
in its consistency is most probably an artifact. Neither karyosome nor 
membrane stains strongly after Champy; both are more evident after Flem- 
ming. I have never found any trace of the karyosome in Feulgen preparations 
in which dividing nuclei were stained and I believe the ‘resting’ phase to be 
Feulgen negative. This stage is relatively uncommon, most of the nuclei 
being in one of the phases preparatory to division; for this reason, and because 
there is little to stain in the nucleus, it is easily overlooked. 

Immediately before the nucleus, at the anterior tip of the animal, lies the 
blepharoplast. It is a deeply staining, compound structure, usually lobed so 
as to suggest, especially in almost completely destained specimens, that it 
consists of four granules overlapping each other. During the early stages of 
division, when the constituent granules separate a little, the four can be 
distinctly counted (Figs. 4 and 7), but whether they remain as discrete entities 
throughout the trophic phase I have been unable to determine; they were 
too tightly packed. From the blepharoplast, the flagella, undulating membrane 
and its basal fibre, the axostyle and the parabasal fibre take their origin. 
According to Powell (1936), the blepharoplast always consists of five granules 
to which these motor and skeletal elements, as well as a rhizoplast, are all 
related in a ‘very definite and constant fashion’. After many attempts to 
follow him, I find it impossible to make any such positive statement about the 
arrangement of these tiny and crowded objects. I believe that ordinarily 
the axostyle is attached to a granule on one side of the blepharoplast, and, 
on the other side, the axoneme of the undulating membrane and its fibre 
to a second, and the parabasal fibre to a third granule (Fig. 4); all the flagella 
are not attached to the same granule, but I am uncertain to which they belong. 
I am unable to find the rhizoplast or fifth blepharoplastic granule. This 
description of the relations of the blepharoplast to its fibres, so far as it goes, 
has been checked frequently in trophic organisms and is consistent with the 
behaviour of the granules and organellae during division; no evidence against 
it has been observed. 
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The four flagella are usually at least as long as the body of a fully grown 
trichomonad and their length is fairly constant, so that they seem dispro- 
portionately long in small animals. They often appear to be proximally 
joined in pairs for a short distance. I can find no support for Andrews's 
contention that one pair is slightly longer than the other. I have occasionally 
come across specimens of T. vaginalis which seemed to have only three 
flagella; these were in smears fixed in Champy or Flemming, not in living 
material or osmic fixed smears — which were very reliable for flagella counts — 
and I attach little importance to them. 

The undulating membrane, as all recent authors agree, is short and con- 
fined to the anterior half of the body, and its axoneme is not continued 
posteriorly as a free flagellum. This I have found to be true of all fresh 
material and, with two exceptions, of cultivated trichomonads. The excep- 
tions were both primary cultures, in Ere, with, in one case, the addition of 
0-5 per cent, sodium citrate to the liquid component of the medium; the 
populations were low and the flagellates rather small. The first sign of 
abnormality was noted on the fourth and fifth days respectively; in most of 
the flagellates the membrane was exceptionally long. On the following day 
it had grown right round the body as far as the axostyle and a few flagellates 
had a long, trailing flagellum leaving the body at the end of the membrane 
and hanging limply beside the posterior, protruded length of the axostyle. 
Next day nearly all the flagellates were in this condition and the trailing 
flagellum was about as long as the body; it was maintained in sub-culture. 
I had not at that time discovered the use of dextrose and was unable to pro- 
duce flourishing cultures from which preparations could be made. The 
history of these two strains seems to be similar to that of Andrews’, except 
that in mine the flagellum was a little slower in developing. Forty-six other 
strains kept for periods of 8 days to 5 months and examined for this point 
failed to show any significant variation in the length of the membrane. Nor 
was anything resembling a Eutrichomastix phase ever seen; probably the 
shortness of the membrane in T. vaginalis explains the absence of those 
accidentally produced forms — common enough in trichomonads like T. muris 
with long, powerful membranes — in which the axoneme is torn away from 
the body right up to the blepharoplast, thus imitating the structure of 
Eutrichomastix . 

A slender, deeply staining basal fibre — shorter and much more delicate 
than the long, thick rod which is so prominent a feature of T. hominis pre- 
parations — leaves the blepharoplast and runs below the undulating mem- 
brane (Figs. 1, 2, 4, and 5). It is a skeletal structure; in both living and fixed 
material individuals have been seen in which the fibre was pulled out from its 
normal position and, hinging on the blepharoplast and carrying the membrane 
with it, stretched the cytoplasm between it and the axostyle as the skeleton of 
a bird’s wing stretches the patagial membrane. 

The flexible axostyle leaves the blepharoplast to curve round the nucleus 
on the opposite side to the undulating membrane, and then, if at rest, usually 
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straightens out to run directly to the posterior end of the organism from which 
it may protrude (Fig. 1). Variations in its position may be seen in Figs. 2, 3, 
and 5, where, if the whole extent of the axostyle is not visible, its course is 
indicated by the granules around it. In small flagellates reared without 
additional carbohydrate, the exposed posterior portion was relatively long. 
The axostyle is a slender, siderophile structure, only very slightly broader 
anteriorly than posteriorly and of about the same width and appearance, 
except for length, as the basal fibre; it was always very easily distinguishable 
from the thick, tapering rod, with siderophile edges and hyaline core, found 
in such forms as T. hominis and T. muris. 

A third siderophile fibre, of variable length, arises from the blepharoplast 
and curves round one side of the nucleus, between it and the basal fibre, 
towards the axostyle. Below the nucleus it may cross the axostyle and 
continue for some way beyond it before tapering to an end (Figs. 1, 1 A, 2, 
and 5); sometimes it fails to reach as far as the axostyle and occasionally it 
ends at its point of contact with that organ, so as to give the false impression 
— apparently that which misled Reuling (1921) — that it forms one side of 
an axostyle anteriorly expanded to embrace the nucleus. Like the basal fibre 
and the axostyle, it is flexible and is variously curved by the movements of 
the body. This delicate, deeply staining structure, which often resembles 
the basal fibre so closely as to suggest a duplication of it, is the parabasal 
fibre. There is no difficulty about its demonstration and no dispute as to its 
existence; it has never been described in T. hominis. The same certainty 
does not apply to the parabasal body of T. vaginalis , the presence of which 
has been affirmed, denied, or ignored by different authors (see p. 94). After 
fixation in Flemming or Champy, prolonged staining in iron haematoxylin 
(24 hours each in mordant and dye), and appropriate differentiation, the 
parabasal body is stained grey, and this is the most reliable method of demon- 
strating it. In Benda preparations it is often visible, stained purple, and it 
may also be stained by leaving smears overnight in Delafield’s haematoxylin, 
diluted with distilled water to about one-twentieth of its normal strength. 
After fixation in Schaudinn, the body is very rarely demonstrable with any 
degree of certainty. The staining reactions of the parabasal body are ad- 
mittedly somewhat variable and, in smears differentiated to show nuclear 
detail, it is often completely decolorized in every specimen; except in dried 
smears, which I distrust, I have never seen it so sharply defined as it appears 
in some of the illustrations published by Wenrich and his collaborators 
(Wenrich, 1931, 1939; Bland et al. y 1931). But, in spite of its apparent 
absence in some smears, and some uncertainty about its identification in 
others, it is recognizable in too many individuals, especially after the first 
treatment described above, for it to be dismissed as an artifact. In appear- 
ance the parabasal body is a band of lightly staining material of rather 
uneven texture, adhering to the parabasal fibre, along which it stretches for 
a variable length, rarely less than half-way from the blepharoplast and usually 
not quite to the tip. It is ordinarily continuous (Figs. 1 and 2), but sometimes 
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broken up into separate patches of stainable material (Fig. i a). Its most 
common appearance is that of some thick, coagulated, semifluid substance 
accumulated about the parabasal fibre and present in varying quantities in 
different individuals. I have occasionally found specimens with two para- 
basal bodies, each related to its own fibre. Wenrich has suggested that such 
individuals are preparing for division, but to this I cannot assent. Normal 
dividing forms possess only a single parabasal fibre up to a late stage in the 
process, when a second fibre arises de novo. The forms figured by Wenrich 
and those seen by me are more likely cases of abnormal duplication ; doubling 
of various structures is a fairly common abnormality of this and other 
trichomonads (see below, and Bishop, 1931). 

2. Division 

Very little about the division of T. vaginalis is to be found in the literature. 
It will be understood that, although dividing stages are common enough in 
heavy infections and good cultures, few of these are of any use to the investi- 
gator. The gr£at majority have their nuclei and other structures obscured 
by the granules already mentioned. Also, it is usually impossible so to 
differentiate stained preparations that the conditions of the nucleus and 
cytoplasmic organs are accurately revealed in the same specimen, e.g. the 
flagellates shown in Figs. 7-9 accurately display the nucleus, but are un- 
reliable for fibrillae, while that in Fig. 17 shows the reverse state. 

The first indication that the flagellate will divide is the appearance within 
the nucleus of chromatic granules outside the karyosome. They increase in 
number and the nucleus elongates. For a while the faintly staining karyo- 
some is still discernible (Figs. 4 and 5), but it soon disappears. The nucleus 
now reacts positively to the Feulgen technique (Fig. 6), and continues to do 
so throughout division. It is very difficult to count the granules accurately, 
but there are about twenty. At about the same time the tight complex of 
blepharoplastic granules is slightly relaxed (Figs. 4 and 7), but, typically, it 
is the nucleus which shows the first signs of division. These changes result 
in the appearance most commonly found in stained smears and frequently 
figured in the literature, though not previously recognized for what it is; 
I conclude that the phase is prolonged. The body of the dividing tricho- 
monad now usually rounds off, but occasionally an elongated, more or less 
oval form is retained up to the time of cytoplasmic fission. The following 
stages are rarely seen and presumably take place rapidly. The nuclear 
membrane disappears, but the chromatic contents of the nucleus lie in a 
clear, pale area distinct from the surrounding cytoplasm. The numerous 
small granules begin to associate in groups, at first rather indefinitely (Fig. 7), 
but in the end five small aggregates are found, in which the granules are at 
first plainly separate but finally begin to lose their identity (Figs. 8 and 9); 
in this way five more or less ellipsoidal chromosomes, all about the same size, 
are formed (Fig. 1 1). My opinion is based on the small number of individuals 
in which the nuclear structure during these stages was perfectly clear; the 
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chromosomes, when formed, usually overlapped, but in a few cases no con- 
fusion was possible and then five chromosomes could be distinctly counted 
(Fig. 11); views of earlier and later stages in division were consistent with the 
opinion that five is the correct number of chromosomes. Meanwhile, a 
dynamic and rapid reorganization of the cytoplasmic structures takes place 
in a way difficult to follow, as the fibrillae lose their distinctive characters; 
always very similar in appearance, they stain only weakly in the earlier stages 
of division, and, at the same time, they shorten, except for the parabasal 
fibre, which seems to retain its normal length and is thus usually the longest 
of the fibrillae at this stage. Division of the blepharoplast takes place by the 
dissociation of its constituent granules during prophase; one granule divides 
and its two daughters, the centrosomes, pass to opposite poles of the nucleus; 
they remain attached by a stout, deeply staining centrodesmus. Of the 
remaining granules, two remain associated with one centrosome and one goes 
with the other (Figs. 8 and 9). The cytoplasmic fibrillae accompany the 
granules to which they are attached, so that the shortened axostyle passes 
to one pole, while the undulating membrane and its basal fibre, with the 
parabasal fibre, go to the other (Fig. 10). The separation of these organellae 
follows the course expected from their arrangement about the ‘resting nucleus’. 
There is no good reason to suppose that any of the fibrillae disappear at any 
time during division; their presence, though not their identity, is often 
faintly revealed in more deeply stained individuals than those portrayed in 
Figs. 8, 9, 11, and 12, and, when they again become recognizable, they are 
found to occupy the positions in which they were last plainly visible (Fig. 14). 
The flagella are divided between the daughter blepharoplasts at the same time 
as the fibrillae, but I am unable to explain precisely how they are disposed. 

1 have not seen any arrangement of the chromosomes which constituted 
a typical metaphase; there is no spindle or equatorial plate, and, perhaps 
correlated with their absence, the chromosomes do not divide simultaneously, 
but irregularly; they apparently split transversely (Figs. 12 and 13), their 
daughters passing rapidly to opposite poles, while the centrodesmus elongates 
(Fig. 15). The chromosomes very soon lose their individuality and the 
commonest telophase picture shows that they have disintegrated into granules 
like those seen in early prophase (Fig. 16). This is the last stage to give a 
positive Feulgen reaction. By this time each blepharoplast has three 
granules in addition to the centrosome (Fig. 16). The new fibrillae appear 
suddenly; they grow out de novo from the blepharoplast, and there is nothing 
to suggest that any of the old fibrillae divides. In smears in which the para- 
basal body was consistently stained, dividing forms showed that a single body 
was present at one pole towards the end of prophase (Fig. 10), while some 
telophase figures had one at each pole (big. 17 ); I have found no evidence 
that the parabasal body is self-perpetuating. 

Division of the cytoplasm is longitudinal and is initiated by the appearance 
of a cleft between the two sets of organellae, so that the body of the parent 
is heart-shaped, with a set of organellae in each lobe of the heart. During this 
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time the dividing organism is very active, with flagella and membranes 
working vigorously, feeds, and, like trophic forms, is highly polymorphic. 
At no stage could any sustained pull between the two daughters be observed; 
both seemed to behave as independently as their attachment allowed. Their 
movements gradually deepened the cleft until they were connected by only 
a slender thread. This finally snapped, apparently as the accidental result 
of some particularly violent movement of one or both daughters, and division 
was complete. 

I am unable to offer any account of the fate of the centrodesmus. It is 
present up to the last moment before final separation of the daughter organ- 
isms. The appearance of forms such as those shown in Figs. 15 and 16 
suggests that when the centrodesmus snaps each of its halves completes the 
number of fibrillae required by the new flagellate, and for a long time I 
sought confirmation of this view. Instead I have found forms like that in 
Fig. 17, which have a full complement of fibrillae, though some not yet 
fully grown, at each pole, as well as a centrodesmus. Presumably, therefore, 
the latter is resorbed, as in Trichomonas caviae Dav. (Grasse and Faure, 
1939), though it seems probable that the centrosomes are incorporated into 
the blepharoplasts as fourth granules (Fig. 16). 

Various abnormalities, presumably the results of irregular fission, occur 
in T. vaginalis as in other members of its genus. Of these the commonest 
are (a) flagellates with two sets of organellae, including the nucleus, ( b ) those 
with two or even three additional nuclei, usually in the middle or posterior 
part of the body, but with only a single set of cytoplasmic organellae. Disloca- 
tion of the synchrony between nuclear and cytoplasmic division leads to 
occasional forms in which the nucleus reaches the end of prophase without 
any sign of division of the blepharoplast. Abnormal nuclei, containing a 
confused mass of chromatic blocks, clumped closely together, or with 
numerous large round granules in mulberry formation, also occur: I can offer 
no explanation of them. I have never observed in T . vaginalis the curious 
multiple forms illustrated by Bishop (1931, Fig. 60). 

V. Discussion 

In separating the species of human trichomonads, previous authors 
have made use of differences in size and such characters as the structure 
of the nucleus, axostyle, undulating membrane, parabasal apparatus, and 
other cytoplasmic inclusions. In regard to most of these points there is 
surprisingly little agreement. 

Size . T. vaginalis is the largest trichomonad found in man, with a length, 
excluding the axostyle, sometimes reaching 30 /*. The greatest length 
recorded for an intestinal trichomonad seems to be 20 /x for T . hominis (Dobell 
and O’Connor, 1921) and for Pentatrichomonas ardin-delteiW (Wenrich, 
1931; Powell, 1936). T. tenax is smaller, with maxima of 12 p (Bland et aL , 
1931) or 17 f. 1 (Powell, l.c.). The large size of T. vaginalis may be maintained 
in culture and the fact that starved specimens may be reduced to the dimen- 
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sions of T. hominis (Andrews, 1929) is not significant. I can find no evidence 
that there may be two size races of T. vaginalis (Bland et al., I 93 1 ) ’ even the 
authors themselves admitted that the size distinctions disappeared in culture. 

Nucleus. The most serious defect in the existing accounts of T. vaginalis 
is lack of consistency in descriptions of the nucleus. It has a karyosome 
(Bensen, 1910; Reuling, 1921); it sometimes has one (Hegner, 1925; Wen- 
rich, 1931); none could be found (Powell, 1 93 ^) > Bl an d et al. (1932) figured 
four distinct types of nuclear structure for this species. Some misunder- 
standings have undoubtedly arisen from failure to recognize early stages in 
mitosis for what they were; others, e.g. references to a structureless nucleus, 
seem due to faulty technique or observation. In specimens with unobscured 
and clearly stained ‘resting’ nuclei, I find that a karyosome is always recogni- 
zable. T. hominis has a similar nucleus, though its karyosome and nuclear 
membrane are more conspicuous. The fine extra-karyosomatic granules seen 
rarely by Bishop (1931) but thought by Dobell and O’Connor (1921) to be 
an ordinary feature of the nucleus of T. hominis may well mark the earliest 
preparations for division in that species, as they do in T. vaginalis. However 
that may be, the ‘resting’ nuclei of both species are almost identical. The 
nucleus of T. tenax, containing several large chromatic masses, is easily 
distinguishable from that of T. vaginalis (Hinshaw, 1926). 

Axostyle. According to Reuling (1921) the axostyle consists of two 
fibrillae which embrace the nucleus (probably the axostyle and parabasal 
fibre) and two more from the nucleus itself. Hegner (1925) saw the axostyle 
as a single, slender fibre, but thought he might have been examining the edge 
of what was really a thick, hyaline rod. He was possibly influenced by the 
fact that the latter is the commonest type of axostyle in trichomonads ; it 
occurs in T. hominis (Dobell and O’Connor, 1921; Bishop, 1931) and has 
been attributed to T. vaginalis by Wenyon (1926), Andrews (1929), Powell 
(1936), and by Wenrich and his collaborators. In a later paper Wenrich 
(1939) asserted that the axostyle was composed of two to eight fibrillae, 
which, in abnormal individuals, became more or less separated and distinct; 
the phenomenon was said to be especially clear in dried films. I believe that 
the axostyle, as revealed in wet preparations, is a single, deeply staining fibre, 
similar to the basal fibre (Figs. 2 and 5). Its structure was correctly given by 
Westphal (1935), who realized that in this respect T. vaginalis differed from 
T. hominis. Hinshaw (1926) described the axostyle of T. tenax as a slender 
siderophile rod; it resembles that of T. vaginalis. It is worth noting that 
when the new axostyles of T. hominis first appear during division they are 
slender fibres (Bishop, 1931, Fig. 54) with an unmistakable resemblance to 
the new axostyles of T. vaginalis (Fig. 17); the stout, hyaline structure seems 
to be secondary. 

Undulating membrane. All workers, except Kunstler (1884), are agreed 
that the undulating membrane and its supporting basal fibre are normally 
short, extending about half-way or slightly less down the body from the 
blepharoplast. Since Andrews (1929) reported that in culture her specimens 
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developed a long membrane and, from it, a free posterior flagellum, other 
investigators haVe occasionally seen the long membrane, but only Westphal 
(1935) found the posterior flagellum, and that but rarely. Two whole strains 
of mine grew a long membrane and posterior free flagellum, but I have never 
found such forms, as Westphal reported them, as exceptional individuals in 
otherwise normal populations. Bland et al (1932) and Powell (1936) thought 
that the long membranes in such specimens of T. vaginalis belonged to trun- 
cated individuals which had autotomized their posterior ends. Against this 
explanation as a general rule may be argued (1) that autotomy is associated 
with degeneration (Hinshaw, 1926; Hogue, 1944) and healthy forms may 
have full-length membranes, and (2) that in my two strains, as in Andrews’, 
the development of the long membrane was gradual and occurred in animals 
no smaller than those with normal membranes. It must be borne in mind 
that this phenomenon has never been seen in nature and, in my experience, 
is rare in culture. The occasional development of this similarity to T. 
hominis may indicate phylogenetic affinity, but is not a proof of specific 
identity any mpre than the resemblance between the membranes of T. 
vaginalis and T. tenax proves their identity. According to Westphal (1935) 
and Wenrich (1939), between the margin of the membrane and the axoneme 
a more delicate filament is to be found in dried preparations, but only rarely 
in wet ones. Similar filaments are said to be demonstrable by Bodian’s 
protein-silver technique in Pentatrichomonas hominis * (Kirby, 1945) and a 
trichomonad presumed to be T. limacis Dujardin (Kozloff, 1945). Basing 
my opinion on wet preparations, I am unable to depart from the conservative 
view that the axoneme forms the margin of the membrane in T. vaginalis. 

Little is known about the parabasal apparatus of human trichomonads. 
There seems to be no doubt that, though Powell (1936) was unable to find 
the chromophobe body, it does occur in T. vaginalis , as Wenrich and his 
co-workers have consistently maintained. But their use of this structure in 
separating T. vaginalis from T. hominis is difficult to support. We know 
practically nothing about it in the latter species; Dobell (1942), in a paper 
on staining technique, incidentally comments that he has stained the parar 
basal body of T . hominis ; Kirby -(1945) has suggested that a small, ellipsoidal 
body lying near the nucleus, and which he impregnated with silver, might 
be a parabasal body. Even apart from these dubious circumstances it seems 
injudicious to employ in taxonomy a character demonstrable only with diffi- 
culty. The parabasal fibre is a different matter ; it is easily seen in all ordinary 
preparations of T. vaginalis and has never been described in T. hominis. 

The large cytoplasmic granules of T. vaginalis closely resemble mito- 
chondria in their reactions to fixatives and stains. The addition of small 
quantities of acetic acid to fixatives did not destroy them, though it usually 
impaired their affinity for stains ; it is already known that some mitochondria 
are resistant to weak concentrations of acetic acid (Nicholson, 1916). No 
technique has so far revealed any other inclusions which could possibly be 
interpreted as mitochondria. On the other hand, the granules failed to stain 
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with Janus Green. Hogue (1922), relying exclusively on Janus Green, 
described the mitochondria of T. hotninis as a few short, blunt rods. Whatever 
decision may eventually be reached about the granules in T. vaginalis, their 
treatment by Wenrich (1931, 1939) as specific characters seems open to the 
same objections as his similar treatment of the parabasal body. 

Division. Apart from a few isolated sketches, the only previous account 
of the division of T. vaginalis is the admittedly incomplete one by Powell 
(1936). The earliest stages in T. vaginalis agree in general with those described 
by Bishop (1931) in trichomonads from the gut of man and Macacus neme- 
strinus. In all, as the karyosome disappears, chromatic material becomes 
recognizable outside it, but the large number of small granules in T. vaginalis 
contrasts sharply with the small number of larger granules in Bishop’s 
material. As early prophase is prolonged this stage is commonly met with 
and the appearance of the nucleus is then characteristic of T. vaginalis. 
According to Powell, this species has four chromosomes. I am alive to the 
dangers of contradiction on such a point in this difficult material, but feel 
some confidence in correcting the figure to five. Wherever all the chromo- 
somes could be clearly and separately observed there were five of them, and 
there were always five aggregates of granules in such stages as those in Figs. 

8 and 9. Less convincing views of the nucleus in these stages, though not 
decisive, often supported my interpretation. Moreover, I have tried Powell’s 
method of fixation with very hot Bouin and find it difficult to understand 
the deformations produced by it. 

Complete demonstration of the relations of the blepharoplast has eluded 
me. It consists of four granules and one supplies the centrosomes by division. 
Partition of the parent’s fibrillae to their poles and growth of the new basal 
fibre and undulating membrane take place somewhat earlier in 7 . hominis 
than in T. vaginalis and T. tenax. In all species the new axostyle is formed 
relatively late. There is no division of the old axostyle, but in T. hominis 
the old one is absorbed and two new ones grow out from the blepharoplasts. 
Hinshaw (1926) thought that this was true of T. tenax also, but he was 
admittedly swayed by evidence from other species, and his illustrations show 
the old axostyle still present at anaphase and perhaps even at telophase. 
I have never found convincing evidence that the old axostyle totally dis- 
appears during the division of T. vaginalis and believe that it persists, 
though shortened and with a greatly reduced affinity for stains. I have not 
discovered how the full complement of granules is restored to each daughter 
blepharoplast; some, at least, of the new flagella are, as in T. tenax, the last 
organs to appear, and it seems likely that they are related to the new granules^ 
The systematic status of the vaginal trichomonads of man. The work of 
Dobell (1934) mentioned on p. 80 provides very convincing evidence of 
the identity of the strains of Trichomonas he employed, but it is of great 
importance to note that these did not include any from the human vagina; 
the author himself suggested that the taxonomic question would only be 
settled by experiments on human beings. It is my contention that it has 
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been settled by the disclosure of constant structural differences between T. 
hominis and T. vaginalis of sufficient significance to justify their separation 
as good species. When fully grown, T. vaginalis is larger than any other 
human trichomonad ever is. Its nuclear organization differs unmistakably 
from that of T. tenax and, if its life-history be pursued into prophase, just 
as clearly from that of T. hominis ; numerous prophase nuclei are found in 
almost every smear and it should not be difficult to avoid confusion. The 
thick, long, heavily staining basal rod which is such a striking feature of 
T. hominis is replaced in T. vaginalis by a shorter and much more delicate, 
though well-defined, fibre. The fibrillar axostyle of T. vaginalis resembles 
that of T. tenax and is quite different from the stout, hyaline rod with 
siderophile edges found in T. hominis . The foregoing points are so constant 
and so easily demonstrable that they may be properly used in diagnosis. In 
addition, T. vaginalis differs from T. hominis in some ways which, either 
because they are imperfectly understood in one species or another or because 
they are difficult to observe, may be used only to augment a case for differ- 
entiation established independently; here might be included the structure 
of the parabasal apparatus, length of the undulating membrane, presence or 
absence of a free posterior flagellum, and nature of the cytoplasmic inclusions. 
It might, of course, still be maintained (a) that T. vaginalis and T. hominis 
may each survive in the typical habitat of the other, and ( b ) that if so they 
would then lose their specific characters. With regard to the former possi- 
bility, whatever view is taken of the evidence against it, no serious evidence 
in favour of it exists; the latter possibility is mere conjecture. In these cir- 
cumstances, and taking into consideration the structural differences between 
these trichomonads, the onus of proof lies on any who still maintain that they 
are specifically identical. 

In the course of this work I have had the benefit of some discussion with 
Dr. Ann Bishop, who also kindly allowed me to compare some of her prepara- 
tions of T. hominis with my own material; it is a pleasure to acknowledge the 
help that this has been. My thanks are also due to Dr. Margaret Jackson 
and Mrs. L. A. Harvey for supplying me with material and to the latter also 
for much friendly help and advice; to Professor D. L. Mackinnon, who lent 
me much of the literature needed and read the draft of this paper; and to the 
authorities of this college for a grant towards the cost of the illustrations. 

VI. Summary 

1. Trichomonas vaginalis has been cultivated on various media and a simple 
method of maintaining cultures on Boeck and Drbohlav’s egg-Ringer- 
albumen medium is described. 

2. The feeding methods of the flagellates in culture have been studied and 
some evidence of extracellular digestion is’ recorded. 

3. When cultivated on media deficient in carbohydrate, T. vaginalis is 
reduced to the dimensions of T. hominis , but when adequately fed it main- 
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tains its distinctively larger size. Out of forty-eight strains of T. vaginalis , 
only two developed in culture the long undulating membrane and free 
posterior flagellum typical of T. hominis in nature. 

4. 'The structure of T. vaginalis has been reinvestigated, (i) It differs 
constantly and significantly from the intestinal trichomonads of man in size, 
nuclear organization, and the form of the axostyle and basal fibre, (ii) It also 
differs from T . hominis in the characters of its parabasal apparatus and cyto- 
plasmic inclusions, and, in nature, in the length of its undulating membrane 
and in lacking a free posterior flagellum, but for reasons discussed in the 
text these points are at present considered less reliable in diagnosis than 
those given under 4 (i). 

5. It is concluded that T. vaginalis is a species distinct from all other 
human trichomonads. 

6. The method of division has been described. In general, it follows the 
same course as T. hominis , but separation of the old, and growth of the new, 
cytoplasmic structures occurs somewhat later in T. vaginalis , and the old 
axostyle is retained throughout division. There are five chromosomes, 
formed during prophase from aggregations of extra-karyosomatic granules. 
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EXPLANATION OF PLATE I 

All figures are portraits of Trichomonas vaginalis made with the aid of 
a Leitz cam. lucida, and are X 2,350. Except where otherwise stated they 
were stained in Heidenhain’s iron haematoxylin. Figs. 7-9 and 11-13 were 
differentiated to show nuclear detail and are unreliable guides to cytoplasmic 
structure; the reverse applies to Figs. 10 and 17. 


Abbreviations: Ch., Champy’s fluid. Feul. , Feulgen’s reaction. FL, Flemming’s fluid. 

Os., Osmic vapour. 

Fig. 1. Trophic form with continuous parabasal body. FI. 

Fig. 1 A. Trophic form, anterior end only, with discontinuous parabasal body. FI. 

Fig. 2. Trophic form ; note coagulated appearance of parabasal body. FI. 

Fig. 3. Trophic form, showing cytoplasmic granules. Ch. 

Fig. 4. Anterior end of an individual preparing for division; extra-karyosomatic granules 
are appearing in the nucleus and the blepharoplastic components are dissociating. FI. 

Fig. 5. Slightly later stage than the last, with more numerous granules, and the karyosome 
disappearing. FI. 

Fig. 6. Prophase form showing only the nucleus, now without a karyosome. Us. beul. 

Fig. 7. Beginning of chromosome formation, with granules associating in indefinite groups. 

Note the blepharoplast. FI. . . 

Fig. 8. Five groups of granules recognizable and the centrosomes are disjoined. FI. 

Fig. 9. A slightly later stage than the last. Note centrosomes and blepharoplastic granules. 

Part of body omitted. FI. * 

Fig. 10. Approximately the same stage as the last, more deeply stained. At one pole are the 
membrane and its shortened basal fibre, the parabasal body, and its now relatively long fibre ; 
at the other pole is the shortened axostyle. Part of the body omitted. FI. 

Fig. 11. End of prophase. Five chromosomes plainly visible. FI. 

Fig. 12. Beginning of anaphase; two chromosomes are dividing transversely. Part of body 
omitted. FI. 

Fig. 13. Slightly later stage than the last. All the chromosomes are splitting. Note traces 

Of the fibrillae. FI. . , 

Fig. 14. Approximately the same stage as Fig. 12, more deeply stained. At one pole are the 
short axostyle, one flagellum, and the root of another; at the other pole are the short, faintly 
indicated basal fibre and its membrane, in deeper focus than the plainer, longer, parabasal 

fibre. Cf. Fig. 10. FI. . . 

Fig. 15. Beginning of telophase. Traces of the chromosomes still visible. At one pole are 
the new membrane and basal fibre above and the old axostyle below the nucleus; at the other 
pole are the new axostyle above and the old parabasal fibre, still comparatively long, and the 
old membrane and basal fibre below the nucleus. FI. 

Fig. 16. Slightly later stage than the last, with nucleus resuming the prophase condition. 
Cytoplasmic structures probably as in the last, but insufficiently stained. Note blepharo- 
plastic granules. FI. . 

Fig. 17. Late telophase ( ?), deeply stained. At one pole, the old parabasal fibre, twisted 
partly out of focus, basal fibre and membrane below the nucleus, and above it the short, new 
axostyle; at the other pole, the old axostyle, regaining its length and staining affinities, new 
basal fibre and membrane and the short, new parabasal fibre. At both poles, the parabasal 
body is just evident. FI 
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Introduction 

I N June 1939 a collection of plants from the fresh-water pools on the shore, 
in the vicinity of the Marine Biological Station, Keppel, was brought to 
me by Miss Maureen McAlister. Since there were no crustaceans in the 
water it was stored as a possible source of protozoa (Taylor, 1920). The 
decaying material produced no crustaceans, a good omen. A few boiled wheat 
grains were added as a pabulum to supply the needs of the infusors which 
by this time were numerous, and Glasgow tap-water was used to compensate 
for evaporation of the original liquid. A glass plate covered the culture. In 
the summer of 194 1 a more detailed examination of the material revealed 
the presence of amoebae easily visible under the low power of a Greenough 
binocular. Ihe extreme opacity of these amoebae was arresting, the cause 
of it due to the fact that each was densely packed with cytoplasmic inclusions 
including large numbers of crystals. The nucleus when in a position to be 
seen stood out quite sharply, looking almost like a vacuole by contrast with 
the blackish cytoplasm. Further search revealed individuals not quite so 
black in reflected light, probably because younger. 

Methods of Cultivation 

The original culture having been well stirred, several c.c. of it were put 
into a Petri-dish (4 in. diameter) with 4 or 5 wheat grains and water. After 
3 months these cultures yielded no amoebae. One or two more trials also 
resulted in failure to establish Petri-dish cultures by this method. I next 
tried a technique which succeeds well in the case of A. proteus F, i.e. of 
taking a large bulk of the original culture with 10 to 20 wheat grains and 
water (bulk about 2 litres) and placing these in a cylindrical glass trough 
(8 in. in diameter by 4 in.). One only of these trials succeeded. However, 
the contents of the numerous failures were stored and did eventually produce 
a few amoebae. The reason for the failure of the above technique will be 
obvious when the life-history is described, and the best method of secur- 
ing spectacular cultures will be given below under the account of fission 
divisions. 

(Q.J.M.S., Vol. 88, Third Scries, No. 1] ( gQ ) 
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Identification and Classification 

In the light of much experience gained by a long study of large fresh- water 
amoebae I concluded that the dusky individual was new to science and that 
it belonged to Schaeffer’s genus Metachaos (Schaeffer, 1926). I propose, 
however, to retain the name Amoeba , see below, for the genus and to give 
the specific name kerrii^ in honour of my one-time teacher, now Sir John 
Graham Kerr, who long ago persistently urged the importance, for teaching 
purposes, of an investigation of the life-history and cultivation of the amoeba 
commonly called A. proteus. 

My reasons for retaining the name Amoeba are : 

1. Our scant knowledge of the life-history of free-living amoebae. More 
knowledge may modify a classification based on the study of the adult. For 
example, while A. lescherae and A. proteus Y would be placed in the genus 
Chaos because both possess longitudinal folds in the ectoplasm, their develop- 
mental forms are very different one from the other (see Taylor and Hayes, 
1944, Text-fig. 5). On the other hand, the developmental forms of A. 
discoides and A. kerrii confirm the relationship based on a study of the adults. 

2. The fact that the name Amoeba has become firmly embedded in the 
English language, and that Schaeffer’s nomenclature has not yet been generally 
accepted even in U.S.A. 

As will be shown later, the life-cycle of A. kerrii occupies 8 or 9 months. 
Apart from the developmental stages it presents quite remarkably differing 
appearances, these differences being due to age and physiological conditions. 
Full-grown individuals are those usually chosen by authors for descriptive 
purposes, but these vary. Therefore some standard for comparative purposes 
is essential. Taylor and Hayes (1944) suggest that the young adult should be 
chosen, this stage being defined as that in which fission division is regularly 
occurring. In no amoeba I have yet studied is the contrast between the 
mature and senile adult so great as in this. And since the longevity of the 
adult A. kerrii is considerable this aged adult may well preponderate in any 
‘catch’ made during the summer and autumn in the open. 

Morphology of Mature to Senile Adult Stages 

When transferred to a slide the amoeba of this stage reluctantly attaches 
itself and begins to creep by a few stout rounded, broad pseudopodia. 
The endoplasm is packed with crystals (PI. 1); cuboid, square prisms, 
truncated bi-pyramidal in shape, which mask the presence of the large 
nutritive spheres, food vacuoles, and other cytoplasmic inclusions. Longi- 
tudinal folds of the ectoplasm are not present, hence the inclusion of A. kerrii 
in the ‘Group’ Metachaos (Schaeffer, 1926). The tip of a pseudopodium often 
bifurcates; the pseudopodia sometimes produce globular masses along the 
two sides. The ectoplasm is not voluminous, the contents of the endoplasm 
coming up close to the periphery. A cross-section of the middle region of a 
pseudopodium would be almost semicircular in outline. 
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The nucleus (PI. i) is always easily distinguishable in a creeping indi- 
vidual, being sometimes lenticular in shape but quickly turning over into 
a disk shape and then back again to the lenticular, as the creature progresses. 
The nuclear sap is very mobile. One gets the impression that the nucleus 
is large in comparison with the cytoplasm but it is difficult to measure * the 
ratio (see below). Measurements of adult amoebae stained and mounted 
are 525 by 150^, 375 by 105/x, 450 by 300^; they are somewhat flattened out 
by the cover-slip. 

In order to obtain some ratios between size of nucleus and cytoplasm, 
several amoebae of the same age were transferred to a slide and gently warmed. 
This had the effect of making each specimen more or less spherical. In this 
condition they were fixed, stained, and mounted. The ratio of the diameter of 
the nucleus to that of the spherical amoeba was so varied as to negative any 
comparative calculation of ratio. Moreover, as in A. lescherae , so in A. kerrii , 
the diameter of a spherical uninucleate differs little from that of a binucleate 
or even a 4-nucleated individual. Voegtlin and Chalkley (1930-45) obtained 
measurements by gently stimulating the amoeba by drawing and withdrawing 
it from a capillary tube until it had assumed a spherical form. They measured 
three dimensions of the nucleus and calculated for an ellipsoid. They concluded 
that volume of amoeba increases as the ratio of the cytoplasm to nucleus in- 
creases. But no corresponding measurements are available to give a comparative 
account of the cytoplasm nucleus ratio in all the large fresh-water amoebae. 

When viewed in situ in the Petri-dish culture the majority of these stages, 
i.e. mature to senile, are floating. 

The Young to Mature Adult Stages (PI. 1) 

These individuals have a greater surface area than obtains in the senile. 
They spread more rapidly and move more quickly when put on a slide under 
a cover-slip. The shape varies considerably. There is frequent reversal of 
direction in the flowing endoplasm of the various pseudopodia, an advancing 
pseudopodium often yielding its contents to another. The width of the 
advancing pseudopodium is often greater than that of the others. The young 
adult is much less dusky than the senile, crystals and nutritive spheres being 
smaller. Therefore at this stage A. kerrii bears a greater likeness to A. proteus 
F, A. lescherae , A. discoides. There is often a little tuft of rounded, short, 
pseudopodia-like processes at the hind end which is reminiscent of the villi 
which give its name to A. villosa. In the latter amoeba, however, this struc- 
ture is permanent. In A. kerrii this uroid is used as a pivot and appears in 
very young individuals a short time after they have hatched. The ectoplasm 
is more voluminous than in old individuals ; a slight web can sometimes be 
recognized between adjacent pseudopodia. Two distinct regions can be 
recognized in the endoplasm of a rapidly moving amoeba under a cover-slip : 
a centrally placed, more densely packed, more active one, which gives the 
impression of a deep ravine down the middle of the pseudopodium, and a 
flanking region where the contents are more sparse and the movement slower. 



ioa Taylor— Amoeba kerrii: Morphology , Cytology , and Life-History 

This moving stream of endoplasm will flow on either side of an obstructing 
nucleus if the amoeba is well spread out (Hayes, 1938). The width of this 
active endoplasm varies in different individuals. 

When given more freedom (e.g. studied in a live-box) with the help of a 
binocular eyepiece the pseudopodia of A. kerrii are seen to be arranged in 
definite tiers more or less parallel to the long axis. The contents of an ad- 
vancing pseudopodium may be reversed or it may flow into a pseudopodium 
in a higher plane while a new pseudopodium is forming in a plane nearest 
the substratum. A criss-cross system of flowing endoplasm is the apparent 
result. But although the progressing and reversing streams of endoplasm 
are being continually developed, the amoeba as a whole disappears from the 
field of view. Sometimes the endoplasm ceases to flow and becomes piled 
up in one area giving the amoeba a lumpy appearance. 

When studied in situ in Petri-dish culture with the help of a binocular eye- 
piece it can be observed that comparatively little of the amoeba is fastened 
to the substratum, a fact revealed by the passage of micro-organisms under 
the amoeba. The uroid, and peripheral portions of some pseudopodia, anchor 
the creature, while other pseudopodia emerge in all planes. Here again 
reversal of flow as well as progression are observable, and as before the amoeba 
goes out of the field of view. Feeding and moving phases alternate. Most of 
the food vacuoles are formed on the under side but are discernible from the 
upper side. The amoeba remains stationary while feeding sometimes for an 
hour or so. When the captured food organisms are dead the amoeba begins 
to move about actively again. 

A Contractile Vacuole (PI. 1) lies behind the nucleus. It evacuates very 
deliberately, and often, before this event, the newly forming vacuole is well 
on its way to attaining its maximum size. In one stained specimen the 
respective diameters of the old and newly forming vacuoles were 36^ and 
28 fi. Other measurements of the diameter of the contractile vacuole are 
42 /x, 44 /x, 29 /x, 39 /x, the size depending on the age of the amoeba. 

A. kerrii , by contrast with the other large amoebae, is not a voracious 
feeder under normal conditions. I have observed one specimen which lived 
in a damp chamber for 3^ weeks without food. The food organisms are 
ciliates, flagellates, rotifers. As in other related amoebae it possesses nutritive 
spheres which are small in young amoebae, larger in older ones, and can 
attain a diameter of 6 5 /x. 

The cytoplasm has a closer texture than that of A. proteus Y or A. lescherae 
and stains more deeply. It is much less vacuolated than the latter and much 
less easily ruptured than the former. This is especially well seen when a 
preparation containing several well-spread amoebae is irrigated with methyl 
green or aceto-carmine. When the fixative penetrates slowly great bladder- 
like distensions of the ectoplasm and a corresponding compression of the 
endoplasm occur. In some cases ‘lines of force’, very similar to those seen 
in the cytoplasm when a nucleus is dividing, are to be seen in this distended 
ectoplasm which rarely ruptures. 
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The nucleus changes its form very readily, as previously stated. It has the 
same general plan of structure as that of the other species of amoebae 
(Taylor, 1930; Hayes, 1938) and will be described more fully later. It can 
be dissected away from the cytoplasm when its membrane has reached its 
maximum thickness. 

When a 2-month-old Petri- dish culture is scrutinized under the lower 
powers of a Greenough binocular most of the individuals are of a more or 
less radiate type, some floating, some creeping. But there are also to be seen 
fission-spheres (see later) and a few outsized spherical individuals. These 
are multinucleate and are most numerous in an ageing culture. These out- 
sized spherical multinucleate forms seem to be characteristic of all classes of 
amoebae — Clifford Dobell records them in parasitic amoebae. Their signifi- 
cance is obscure (see Taylor and Hayes, 1944, and Levy, 1924 and 1928). 

Acetic Alcohol and Aceto-carmine Studies 

Aceto-carmine alone, and aceto-carmine after fixation in acetic alcohol, are 
valuable and quick reagents for the study of amoebae. At the outset these 
were employed. It was found that the cytoplasm of A. kerrii stains very 
deeply, a fact which militates against the usefulness of aceto-carmine as a 
nuclear stain. Fortunately the crystals are dissolved out by these reagents. 
Thus the remaining cytoplasmic contents can be more easily studied. In the 
light of one’s former experience of amoeba nuclei, the most unlooked for 
result of aceto-carmine studies was the varying degrees of prominence 
exhibited by the nuclei of A. kerrii. Generally such an outstanding object in 
other amoebae, the nucleus of A. kerrii could sometimes be distinguished 
with difficulty from the surrounding cytoplasm. This was not always the 
case, however, especially when the nuclear membrane was stout. Lest these 
varying appearances were due to chemicals dissolved out of the numerous 
crystals, Bouin was employed as a fixative and the specimens were well washed 
in alcohol, which readily dissolves the crystals, and stained in Ehrlich’s 
haematoxylin. The results confirmed the aceto-carmine investigation, some 
nuclei being outstanding and possessing thick nuclear membranes, in yet 
others the nuclear membrane was so thin as to be hardly discernible and the 
contents of the nucleus not sharply differentiated from the cytoplasm. 

Aceto-carmine after acetic-alcohol fixation is useful for revealing the 
nutritive spheres. These lie in a vacuole, have a deep red rim, and a pale 
slate-coloured interior. The size of the nutritive spheres depends upon the 
age of the amoeba. An excellent method of demonstrating the abundance 
and size of the nutritive spheres is to fix and stain the amoeba with methyl 
green in acetic acid. The nutritive spheres stain green (see Taylor, 1939). 

Nucleus of A. kerrii (Text-fig. 1) 

The nucleus in the main resembles that of the other large fresh-water 
amoebae. Its typical form is best seen in the young adult (a). Under 
the nuclear membrane are regularly arranged blocks containing chromatin 
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separated by a clear space from a centrally placed disk-shaped karyosome, 
nuclear sap filling the interstices. The whole is extremely mobile, alternately 
oval or circular (cf. a and h) in outline as the amoeba creeps, with all manner 
of intervening shapes as the nucleus changes over from oval to circular 
‘view’. The karyosome (h) is band-shaped in the former (h) and disk- 
shaped in the latter (a). A scrutiny of large numbers of amoeba nuclei fixed 
in Bouin and stained in Ehrlich’s haematoxylin reveals many interesting 



Text-fig. i. Nucleus of Amoeba kerrii 

A. Typical nucleus of a very young adult. Surface view. b. Nucleus changing into side-view 
position, c. Karyosome close up to chromatin blocks. D. Karyosome much vacuolated. 
E. Nucleus from an old individual, suggestive of amitotic division. F. A common appear- 
ance of the nucleus of an old adult, g. Nucleus rolling into ‘surface-view’ position, h. 
Nucleus in ‘side-view’ position. 


diversities other than that of outline. The most striking, as already men- 
tioned, is the varied reaction to stain, and the varying thickness of the nuclear 
membrane. As already mentioned, when the latter is thick the nucleus can 
be removed entire from the cytoplasm. In ageing amoebae the nucleus tends 
to become deformed (d, e, f), the outline corrugated. 8-shaped figures are 
common and all appearances which so strongly suggest amitotic division are 
to be found. 

Fission Divisions in A. kerrii (Text-fig. 2 ) 

In July 1943 a number of square, solid watch-glasses was assembled and 
into each was placed an adult amoeba taken at random from the parent 
culture along with a quantity of the culture fluid and food organisms. In 
every case the amoeba failed to divide. It however lived on for a varying 
period of time. These negative results were puzzling, especially as I had 
detected binucleate specimens in the stained preparations. Next I prepared 
cultures of the flagellates and ciliates found in the parent stock and upon 
which the amoebae were feeding and procured very young adults for the 
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inoculation. Each amoeba was carefully washed and introduced into the 
watch-glass with a few food organisms and some fresh water. The next 
day most of the watch-glasses possessed two amoebae. Fission division 
obviously occurs only in the young adults. Once initiated, repeated fission 
produced a little colony of amoebae in each watch-glass. When the number 
approached about sixty-four I removed them to a Petri-dish (4 in. in diameter 
by i in.) supplying fresh water and food organisms and so obtained specta- 
cular cultures. It was then found possible to add boiled wheat grains as 
a pabulum and so obviate the necessity of cultivating the food organisms 
separately. By subculturing I increased the number of my cultures, since 



a. Fission-sphere. B. Division has extended to equator of sphere. C. Division complete. 

D. Two daughter amoebae separate. 

access to almost unlimited numbers is necessary for the complete elucidation 
of the life-history. 

Fission of the Cytoplasm (T ext-fig. 2) can easily be witnessed in situ or on a slide 
by removing one of the rounded morula-like individuals (= fission-spheres) 
from the culture (a). These fission-spheres adhere to the substratum while 
dividing in contrast to what obtains in A. lescherae. The break between the 
two daughter amoebae never stretches uninterruptedly from pole to pole (b) 
like a meridian, but lesser breaks along the meridian can be detected as the 
pseudopodia of each daughter amoeba form, and extricate themselves from 
each other (c). In one observation the whole process lasted half an hour. 
The two daughter amoebae remain very near each other for a time, again in 
contrast to A. lescherae where the two daughter components are very soon 
indistinguishable from the other members of the culture. At no time is there 
a long strand of protoplasm connecting the two as is so often figured in text- 
books. 

Mitosis 

The first record of mitosis in the large free-living amoebae was made by 
Sister Bemardine Carter (Carter, 1913). Since then it has been demonstrated 
in A. proteus (Dawson, &c., 1937), A . discoides (Taylor and Hayes, 1942), 
A. lescherae (Taylor and Hayes, 1944), A . dubia (Dawson, &c., 1935). 

Method of obtaining Material to demonstrate Mitosis 

Secure at least a dozen rich Petri-dish cultures where the amoebae are 
multiplying rapidly. Keep them as cold as possible until two or three hours 
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before they are required, then raise the temperature to 70° or 8o° F. Dividing 
amoebae will be present in sufficiently large numbers to warrant the making 
of permanent preparations. Remove each fission-sphere with a fine pipette 
to a slide. After providing each slide with three or four individuals in a 
minimum amount of liquid, gently lower a cover-slip provided with ^beeswax 
feet. The amoebae will grip the substratum. Irrigate quickly with Bouin’s 
fluid, replace this by 90 per cent, alcohol, giving a good soaking in this and 
changing the alcohol in order to dissolve the crystals. After 70 per cent, 
alcohol stain in Ehrlich’s haematoxylin, differentiate in acid alcohol, dehy- 
drate in cellosolve, clear in xylene, and mount in Canada balsam. Examples of 
mitosis, if in a favourable position in the fission-sphere, stand out quite 
clearly under a No. 7 objective. Many of the mounted spheres show no 
nucleus; in yet others the mitotic nucleus is only discovered after much 
searching. In the former case the nucleus is deeply buried or masked by an 
overlying food vacuole. In any case the early prophase stages are difficult 
to see. The nuclear membrane is thin, and since the chromatin in an amoeba 
nucleus is very sparse, the early prophase is very often almost invisible 
(Text-fig. 3 a). The nucleus, of course, may be so placed on the slide as to be 
seen from the side, or foreshortened, but in a full-face view the outline is 
like that of a barrel. All the achromatic material gradually becomes arranged 
on a series of meridional lines, each composed of thick and thin lengths of 
material. Later (Text-fig. 3 b) these become little corkscrew-shaped masses as 
the chromosomes condense and make their way to the equator. Out of these 
corkscrew masses the definitive spindle-fibres are differentiated. These 
develop from the equator (b) and gradually spread to the poles. There is, 
of course, a great variety in the size of the dividing nuclei as there is in the 
resting ones, the size depending on the age of the amoeba and its volume, the 
larger the amoeba the larger the nucleus. 

When the chromosomes are fully condensed at metaphase they lie on the 
equator in a clear area filled with a fluid-like substance that stains a bright 
pink in Ehrlich’s haematoxylin. This surrounding pink area can be detected 
right up to late telophase. The chromosomes are very small and numerous. 
In anaphase (c and d) the barrel-shaped nucleus becomes more elongated. 
A few of the spindle-fibres, like the ribs of a barrel, stand out very conspicu- 
ously (d). The chromosomes still lying in the ‘pink* area already referred to 
never reach the roof of the dome-shaped poles of the spindle (d and e) in 
telophase. In surface view, therefore, the chromosomes lie on the periphery 
of a circle just inside the nuclear membrane (f) in each daughter nucleus. 
At first the spindle-fibres can be distinguished (f, b) t but these are gradually 
converted into corkscrew masses of achromatic material (f, a, G, a). The 
daughter nuclei are well on their way to reconstruction when the fission of 
the cytoplasm is completed (g, a and b). The nucleus absorbs liquid and so 
becomes larger. Around the periphery (g, a) the chromosomes can still be 
distinguished from the achromatic material. They become less distinguish- 
able as the karyosome reforms. The nuclear membrane is thin and the whole 
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Text-fig. 3. Mitosis in Amoeba kerrii 
n.b. — The figures have been drawn from fission specimens of varying size. 

A. A very early prophase. Achromatic structures lose their staining capacity, become 
arranged meridianwise: the sparse amount of chromatin makes the nucleus difficult to 
detect. B. From a large amoeba at later prophase. Chromosomes condensing out at 
equator, spindle-fibres becoming differentiated from the equator towards periphery'. — 
Distinction between spindle-fibres and undifferentiated achromatic elements very pro- 
nounced. c. Early anaphase. Chromosomes lie in a clear area which stains a bright pink 
in Ehrlich’s haematoxylin. D. Early telophase. — Some spindle fibres stand out very 
clearly. — The polar caps seen in side-view — spindle-fibres clearly marked. The area 
around the chromosomes stains bright pink. e. Telophase. — Polar caps seen in end view. 
Spindle-fibres more palely stained. Chromosomes around periphery still conspicuous. 
F. Daughter nuclei in an undivided amoeba. In a , end view of polar cap, the spindle-fibres 
have reverted back to achromatic fibres. In b they can still be detected. The coloured, 
clear region around the chromosomes makes them still a conspicuous object. G ( a and 
b). From an amoeba fixed as soon as the fission of the cytoplasm was completed and exam- 
ined in aceto -carmine. Nuclear membrane so thin as to be almost invisible. Chromosomes, 
in their pink-coloured area becoming less distinctly differentiated — the rest of the nucleus 
a clearly stained, homogeneous mass of discrete elements. 


difficultly distinguishable from the surrounding cytoplasm. (N.B. This want 
of prominence of the nucleus must not be confused with that described 
previously.) 

It is interesting to note that in a large number of the rounded off, large, 
multinucleate amoebae the nuclei are often near the periphery and very close 
to each other. They have all the appearances of newly constructed nuclei. 
What causes the failure of the cytoplasm to divide after the nucleus has 
divided remains still to be explained. 
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An observation made on a fission division may throw light on the pheno- 
menon that occurs in all the amoebae I have studied, namely the decrease 
in its size as the amoeba becomes senile. In old cultures pieces of non- 
nucleated amoeba-cytoplasm occur. Yet I have never observed any large- 
scale occurrence of the casting off of lumps of cytoplasm by amoebae which 
might account for the presence of these non-nucleated fragments. However, 
on one occasion I had transferred a large fission-sphere of A. kerrii to a slide 
to study fission. The amoeba gave every sign of dividing into two larger and 
equal protoplasmic masses, and one smaller. The two larger and equal-sized 
portions were true daughter amoebae — the smaller portion was a non- 
nucleated mass. This may have been due to the mechanical disturbance 
involved, though it is not likely, as scores of fission-spheres so transferred 
have proceeded to divide normally; but it might also explain how ageing 
amoebae can become progressively smaller. 

Reproductive Cycle 

In his brilliant and comprehensive work on parasitic amoebae, Dobell 
(1928, 1938) has found no trace of a sexual cycle. No such cycle has been 
found in A. proteus (= dubia) (Carter, 1915), A. proteus Y (Taylor, 1924), 
A. discoides (Hayes, 1938), A. lescherae (Taylor and Hayes, 1944), and in the 
amoeba now being described, i.e. A. kemi. On the advice of Dr. Helen Pixell 
Goodrich, to whom I have been indebted in the past for much constructive 
criticism, the clumsy and ugly-sounding nomenclature used in the descriptiqn 
of A. lescherae (Taylor and Hayes, 1944) and in A. discoides (Hayes, 1938) 
has been abandoned, because of this absence of a sexual cycle. The 
mature amoeba which produces ripe cysts is referred to simply as a mature 
amoeba and the newly hatched individuals as amoebulae. (See also A . 
discoides (Quart. J. micr. Sci. 87, 195), where the nomenclature has been 
emended.) 

The Fission Cycle in the life-history of A . kerrii is succeeded by that of 
the Reproductive Cycle when each mature amoeba becomes converted into 
a number of encysted young. The process starts with the emission of 
chromidia (i.e. small masses of chromatin material on an achromatic base) 
from the nucleus into the cytoplasm (Text-fig. 4 a) where they become the rudi- 
ments of the encysted young. The rudiment grows, as can be seen by studying 
progressively more mature amoebae. In the meantime the nutritive spheres 
in those amoebae which are preparing to form encysted young become less 
numerous, their substance becoming absorbed into the general cytoplasm. 
Under the influence of the nucleus rudiment cytoplasm is formed around it 
and eventually a cyst-wall encloses this small nucleated mass, i.e. the encysted 
young (Text-fig. 4 b and c). Hundreds of these cysts are formed from every ripe 
adult. Eventually the cytoplasm of the latter disintegrates and the cysts 
are liberated into the surrounding water where they remain for a period 
of time. 
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Method of Procuring Microscopical Preparations in the Reproductive Cycle 
Select old well-conditioned individuals from a successful four months’ 
culture, fix in acetic alcohol and then stain in aceto-carmine. Or, fix in aceto- 
carmine and give several washings of the fixative to dissolve out the crystals. 
Chromidia and all stages in the formation of encysting amoebae can thus 
be secured. 



Text-fig. 4. Cyst Formation. — Hatching of young A . kerrii . — Early stages of Development 
A. An adult nucleus. — Nuclear membrane absorbed where chromidia are escaping into cyto- 
plasm of a mature amoeba, b. and c. Differentiation of encysted young amoeba. D. Cyst 
nearing the time of hatching, nucleus visible. E. Encysted amoeba with a functioning 
contractile vacuole. F. Escaping amoebula, nucleus not easily visible. G. Newly hatched 
amoebula feeding — several food vacuoles, h. Ectoplasm has become more fluid. Long 
anchor-like pseudopodia enable the creature to grip the surrounding debris. I. Older 
individual, j. Limax-like creeping amoebula. k. Floating amoebula. 

Excystation OF A. KERRII 
Method of Procuring Cysts for Excystation 

A pure line culture of A. kerrii was set up at the end of July 1943 by placing 
one young adult in a solid watch-glass with culture fluid and water containing 
food organisms grown separately. When the progeny numbered about sixty- 
four a Petri-dish was prepared with culture fluid and food organisms for its 
reception. Food organisms were supplied regularly as required. At the end 
of August two freshly boiled wheat grains were introduced. The culture 
was spectacular at the end of October when fresh wheat was added, the old 
grains being removed to make a subculture, as they were carrying a number 
of adhering amoebae. 

In January 1944 the culture was undergoing a period of depression. Cysts 
were abundant. These were studied in situ by means of a No. 7 water- 
immersion lens or on a slide. It is a matter of experience to decide which 
cysts are ready to excyst. I have had specimens under observation for two 
weeks before hatching took place. A fully differentiated cyst measures 9 /*, 
though there is a slight variation in size. The wall is stout and in contrast 
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to the other large amoebae that have been described, it is single (Text-fig. 4 c, d). 
When the time of hatching approaches the nucleus is easily visible, centrally 
placed and surrounded by endoplasm which gradually becomes more and 
more granular. The periphery of the encysted amoeba does not look like an 
inner cyst-wall; hence, as explained above, the cyst-wall of A . kerrii is single. 

Shortly before the actual excysting takes place, a contractile vacuole begins 
to function (Text-fig. 4E). The amoebula must therefore be imbibing water and 
the cyst-wall must be ruptured. After some time the contents of the cyst 
become obscured by a bluish-tinged oily-looking substance, the ectoplasm. 
Gradually this latter may be seen oozing out of the cyst, which slowly becomes 
empty as a more or less limax-shaped amoeba escapes. This moves for a 
distance of about 45 n and commences feeding on very small bacteria present 
in the water (g). It is extremely well camouflaged as it lies thus for a varying 
period of time. The empty cyst-wall remains circular in outline for a long 
time after the escape of the amoebula, a proof of its toughness. However, 
when the excystation takes place in the direction of the cover-slip the irregular 
circular outline of the breach can be detected. It measures about 3 ft. 

In a day or two the excysted amoebulae develop a more fluid ectoplasm (h) 
and long slender pseudopodia are extruded. These hook on to debris, which 
fact suggests that they are a device for transporting the amoebulae to new 
pastures (h and 1). However, when placed on a slide these floating forms 
may be made to creep (j). When viewed in situ the floating forms with elongate 
pseudopodia are seen to change over to the creeping type (j) or round up. 
The protrusion of blunt pseudopodia first from one side and then from the 
other as the amoebula progresses, is somewhat explosive and rapid in 
character. 

Further Development of A. kerrii (Text-fig. 5 a) 

The amoebula grows slowly, the endoplasm becoming provided with 
inclusions of various kinds. The limax shape of a creeping form of 100/x is 
superficially similar to that of A. proteus Y save that there is no ‘sole’, i.e. 
no precursor of longitudinal folds. In it nucleus and contractile vacuole 
and a small uroid are easily distinguishable. These developing young are 
much stronger than those of A. proteus Y. As in the adult, so in the develop- 
ing stages, floating and creeping phases alternate. 

Nucleus of Developing A. kerrii (Text-fig. 5) 

A karyosome surrounded by a clear area of nuclear sap enclosed in a nuclear 
membrane is the structure of the nucleus as seen in the living amoeba. 
Further details are demonstrated by staining methods. The ratio of the 
diameter of the karyosome to that of the nucleus is greater than in that of 
A. proteus Y, A. discoides , and A. lescherae. In preparations made with 
aceto-carmine or permanent preparations stained in Ehrlich’s haematoxylin 
the consistency of the karyosome varies from a distinctly granular to a smooth 
more or less homogeneous one. 
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Lying in the clear space between karyosome and nuclear membrane, at 
a varying distance from the latter, is a collar of achromatic material which 
eventually becomes apposed to the nuclear membrane. On this collar 
(Text-fig. 5 b, c, d) are sometimes to be seen distinct granules of chromatin. 
When this ‘collar’ has reached the nuclear membrane the developing young 
amoeba may be considered to have attained the adult stage. The possession 

nucleus contractile 




Text-fig. 5. 

A. A young amoeba in creeping position, b, c, d. Nuclei of developing A. kerrii. 


of the ‘collar’ marks off the immature amoebae of A. proteus Y> A. discoides , 
A . lescherae , A. kerrii from the Mayorellas. 

To Mr. Ronald W. Graham Kerr who responded so graciously to my 
request that he should undertake the filial task of executing the text-figures 
and plate, I offer my warm thanks and appreciation of his skill. 

Diagnosis 

Found in ponds. Size increases with age up to a maximum length in 
locomotion of 576/x. It then decreases as the amoeba becomes senile. The 
pseudopodia are blunt; few, in senile specimens; the ectoplasm has no 
longitudinal folds, hence resembles that of A. discoides and Schaeffer’s genus 
Metachaos . The endoplasm is densely packed with crystals and nutritive 
spheres giving a more dusky appearance than obtains in the other fresh-water 
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amoebae yet described. Contractile vacuole about 40 ^ in a young adult. 
Food: flagellates, rotifers, ciliates. Floating and creeping forms occur, the 
former often radiate or spherical except in senile individuals when they are 
amoeboid. When feeding the amoeba creeps. The species resembles A . 
proteus F, A. discoides , A lescherae in the possession of a discoid nucleus 
presenting a round or band-shaped outline as it is rolled about by the endo- 
plasm. Nuclear division mostly resembles that of A. discoides , and in the 
main, the prophase, metaphase, and anaphase of A. proteus F, but the dome- 
shaped telophasic elements are in contrast to the cone-shaped ones of A . 
lescherae. Fission divisions are restricted to the young adult and do not 
occur in ageing individuals. 

The species differs from A. proteus F, A. dubia , A. discoides , A. lescherae 
in its longevity [senile adults linger on in the ponds until winter], in the 
marked difference between the appearance of a young adult and a senile 
individual; in the dusky character which is progressively intensified, as old 
age approaches, by the growth in size of the nutritive spheres and crystals; 
and by the diminished size of the senile. Another difference is the greater 
ease with which the reproductive cycle can be traced in A. kerrii. 

Summary 

1 . An amoeba characteristically blackish when viewed under the low power 
of a Greenough binocular in reflected light was discovered and isolated from 
macerating water weeds found in fresh-water pools on the shore near the 
Marine Biological Station of Keppel. 

2. A study of its morphology revealed its relationship to Schaeffer’s genus 
Metachaos. For reasons given above, the name Amoeba has been retained 
for the genus and the specific name kerrii has been given in honour of Sir 
John Graham Kerr. 

3. The life-history has been worked out by means of pure-line cultures. 

4. The cyst measures about 9^ in diameter. The newly hatched amoebulae 
grow slowly and develop eventually into young adults which, because of the 
small size of their crystals and nutritive spheres, are much less dusky than the 
mature individuals first discovered. An average adult size in creeping is 
504 by 576ft. 

5. The nucleus, which divides by mitosis, has the same general build as 
that of A. discoides , A. proteus F, A. lescherae. Immediately under the 
nuclear membrane is an achromatic network containing chromatin blocks 
and connected with a more or less centrally placed karyosome, the whole 
immersed in nuclear sap. The nucleus assumes varying shapes as it is rolled 
about by the streaming endoplasm. 

6 . Morula-like spheres (— the fission-spheres) give rise to two daughter 
amoebae by cleavage along a meridional central plane. Fission is confined 
to young adults. 

7. A fission cycle is succeeded by a reproductive cycle. Any mature 
amoeba can give rise to encysted young which are formed by the action of 
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chromidia escaping from the nucleus. The cyst-wall is single. Hundreds 
of encysted amoebulae may be formed from one mature' amoeba. No sexual 
stages occur. 
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Introduction 


S AKAGUCHI’S test for arginine depends on the production of a pink or 
red colour when certain guanidine derivatives are treated with a-naphthol 
and sodium hypochlorite in alkaline solution (Sakaguchi, 1925). This test 
had been familiar to biochemists for 19 years before it was independently 
adapted to histochemical use in the same year by Serra (1944) and myself 
(1944). Our results were published on opposite sides of the battle-front. The 
purpose of the present paper is to discuss the validity of Sakaguchi’s test and 
to present my histochemical adaptation of it in its latest form. 

The Validity of Sakaguchi’s Test 

Sakaguchi’s test was applied to a number of substances by himself and by 
Poller (1926). The chemical composition of the red substances formed in the 
test is uncertain. Sakaguchi gives an analysis of the reaction-product with 
glycocyamine, but Poller questions the correctness of his formula. 

Sakaguchi thought that his test gave a positive reaction with all substances 
having this structure : 

/NH a 

H — N—CC 

— fatty acid 

I 

H 

but not with any substance in which the hydrogen atoms shown in the 
formula are replaced by any other atoms or groups of atoms. 

Poller showed that the hydrogen of the H— N= group, and one only of the 
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hydrogens of the NH 2 group might be substituted by methyl, without interfer- 
ing with the positive reaction. He also showed that a number of substances 
containing no fatty acid radicle give a positive reaction. 

Weber (1930), who did not test any substance not previously tested by 
Sakaguchi or Poller, drew the tentative conclusion that a positive reaction is 
given by all substances having the formula: 

/NH 2 
H— N=C( 

X N— X 

I 

H 

where X is either a fatty acid or an alkyl radicle. This, however, does not 
cover all known cases. For instance, the hydrogen of the H— N— group 
may be substituted by methyl, as in trimethylguanidine, yet a positive reac- 
tion is given. Further, a positive reaction is given by dicyandiamide, in which 
X is neither a fatty acid nor an alkyl group. 

A study of all the accurately named substances investigated by Sakaguchi 
and Poller shows that a generalization can be made as to the chemical formula 
of positively reacting substances, more exact than those made by either of 
these authors or by Weber. The following substances react positively: 

Dicyandiamide, monomethyl-, dimethyl-, and trimethyl-guanidine, glyco- 
cyamine, alacreatine, a-guanidino-w-butyric acid, galegine, agmatine, and 
arginine. 

Negative results are given by: 

Guanidine, asymmetrical dimethyl- and trimethyl-guanidine, creatine, 
creatinine, alacreatinine, glycocyamidine, nitroguanidine, nitroarginine, hy- 
dantoin, methyl hydantoin, hydantoic acid, thiohydantoic acid, biuret, urea, 
uric acid, allantoin, alloxan, guanine, cyanuric acid, histidine, tryptophane, 
asparagine, tyrosine, lysine, and ornithine. (Poller also obtained negative 
results with a number of unnamed nitrogenous compounds, including various 
other mono- and diamino-acids, but the absence of particulars prevents this 
information from being used in forming a generalization.) 

The facts given above are covered by the following generalization: 

A positive result with Sakaguchi’s test is given by all substances, so far as 
is known, having the following formula: 

H 

N — p 

a — N=C<" Y 

N— C— 8 

i j 

where a is H or CH 3 and j 9 is also H or CH S . A positive result is not given, so 
far as is known, by any substance in which this is not so. 
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% 

The three valences represented by the lines connecting a carbon atom with 
y, 8, and e may be satisfied by various atoms or groups of atoms, or all three 
may be taken up by a single nitrogen atom, in dicyan diamide. 

In the present state of knowledge, a positive reaction with anything occur- 
ring in any plant or animal tissue must be regarded as indicating the presence 
of arginine (free or combined), galegine, or agmatine. If further research shows 
that an appreciable amount of any of the other positively-reacting substances 
is present in any particular tissue, this conclusion must be modified accord- 
ingly. Arginine is, of course, one of the most widely distributed substances 
in the tissues of organisms, since it occurs in most proteins. Galegine and 
agmatine, on the contrary, are extremely restricted in distribution. The 
former was discovered by Tanret (1914) in the seeds of Galega officinalis 
(Leguminosae) and has not been found in other plants. Agmatine was dis- 
covered by Kossel (1910) in the testis of the herring. It was subsequently 
found by Engeland and Kutscher (1910) in ergot. It has also been reported 
by Kiesel (1924) in ears of rye that are free from ergot. In the present state 
of knowledge it is reasonable to regard a positive reaction with the test as 
indicating the presence of arginine (free or combined), except in studies of 
Galega officinalis , ergot, ears of Gramineae, and the testes of the herring and 
allied fishes. 

The Adaptation of Sakaguchi’s Test to Histochemical Use 
General Remarks 

The test succeeds best with paraffin sections. The alkali, however, tends 
to loosen the sections from the slide, and it is therefore best to attach them 
with a film of celloidin. 

In Sakaguchi’s original test the a-naphthol was used at a very low concentra- 
tion, because it tends to become yellowish in the absence of arginine, and this 
discoloration is evident when the solution is viewed in considerable thickness 
in a test-tube. In the test described below, only a thin section is examined, 
and free a-naphthol is not present in appreciable amount when the observation 
of colour is made. There is therefore no advantage in using an extremely 
dilute solution. 

The amount of sodium hypochlorite used was determined from the follow- 
ing considerations. If much is used, colour develops very rapidly, but the 
excess of hypochlorite soon destroys the colour. The object was therefore to 
find the minimum necessary to produce the full colour. Since ordinary hypo- 
chlorite solutions are very unstable, the proprietary product ‘Milton’ was 
used. This contains sodium hypochlorite at approximately 1 per cent., 
together with sodium chloride and small quantities of other salts. Milton is 
remarkably stable, and the salts other than sodium hypochlorite do not affect 
the test. Where Milton is not available, a strong solution of sodium hypo- 
chlorite should be diluted until it gives full coloration in approximately fifteen 
minutes, when substituted for Milton in the test described below. 

For the quantitative determination of arginine it is desirable to have very 
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rapid development of colour, and for this reason Weber (1930) substituted 
sodium hypobromite for hypochlorite. The rapid coloration given by hypo- 
bromite is followed by rapid fading, and Weber used urea to eliminate the 
excess of hypobromite. In adapting Sakaguchi’s test to histochemical use, 
Serra (1944, 1946) followed Weber in using hypobromite and urea. I pre- 
ferred not to do so, for three reasons. (1) The validity of the test rests upon 
Sakaguchi’s and Poller’s studies, which were made with hypochlorite. (2) 
Hypochlorite is much more readily available than hypobromite. (3) Rapid 
development of colour is not necessary in non-quantitative studies. 

The amount of a-naphthol solution and Milton used in the test is measured 
by drops. There is no point in using more accurate measures, for the exact 
amounts of a-naphthol and hypochlorite necessary to achieve the full reaction 
and leave none over depend on the amount of arginine (or other positively- 
reacting substance) in the section to be tested; and this will obviously vary 
widely in different cases. 

The concentration of sodium hydroxide is kept fairly low, so as not to 
damage tissues. 

In this test I introduce the use of pyridine as a mounting medium. It gives 
good definition not only in this test, but with basic dyes and dye-lakes in 
general. The refractive index at the D line is 1-509. Pyridine may be used 
alone, or chloroform (refractive index 1*449) ma Y be m i xe d with it. The 
purpose of the chloroform is to prevent the solution of the film of celloidin 
that holds the section in place. 

Detailed Description of the Histochemical Test 

Almost any routine fixative may be used. Zenker’s and Bouin’s fluids, 
Heidenhain’s 'Susa’, mercuric-acetic, and formaldehyde-saline are all suitable. 
Zenker’s fluid seems slightly preferable to the others. The following solutions 
are also required: 

Celloidin, 1 per cent, in a mixture of absolute alcohol and ether in equal 
volumes. 

Sodium hydroxide, 1 per cent, aqueous. 

a-naphthol, 1 per cent, in 70 per cent, alcohol. 

Milton (or another sodium hypochlorite solution of the same strength). 

A mixture of 3 volumes of pyridine with 1 volume of chloroform. 

The test is performed as follows: 

I. Place a piece of tissue (preferably not more than 3 mm. thick) in one of 
the fixatives- mentioned above. Leave for 24 hours. 

II. Wash out, dehydrate, &c., as usual, and embed in soft paraffin wax. 

III. Cut sections at 16/z, and attach them to slides with Mayer’s glycerine 
and albumen. 

IV. Remove the wax with xylene and wash in absolute alcohol. 

V. Dip the slide in the celloidin solution. Wipe the back of it. Drain the 
slide and let the alcohol and ether evaporate partly (but not completely). 

VI. Pass the slide through 90 per cent, and 70 per cent, alcohol to water. 
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If the fixative contained mercuric chloride, give the usual treatment with 
iodine-alcohol and sodium thiosulphate at this stage. 

VII. Put 2 c.c. of the sodium hydroxide solution in a watch-glass. Add 
2 drops of the a-naphthol solution, and then 4 drops of Milton. Mix the 
fluids by drawing them into and pressing them out of a pipette several times. 

VIII. Without waiting , remove the slide from water, jerk the water off it 
(the front of the slide cannot be wiped, as a cloth would destroy the celloidin 
film), lay it flat, and flood it with about 1 c.c. of the mixture made at stage VII. 
Leave the slide for 15 minutes. The colour develops gradually and reaches 
its maximum in this time. 

IX. Drain the fluid off the slide. Blot the slide with filter-paper and place 
it in ajar of the pyridine-chloroform mixture. Leave for about 3 minutes. 

X. Mount in pyridine-chloroform (or in pyridine). If it is wished to keep 
the slide for more than an hour, it is best to paint round the edges of the 
coverslip with gold size. 

Result. A pink or red colour indicates the presence of arginine (free or 
combined) or some other positively- reacting guanidine derivative. 

The colour is not permanent. Full intensity is retained for several hours 
and the colour then fades gradually. Very strongly reacting objects still show 
colour after the lapse of some weeks. 

Instead of flooding the slide with the mixture at stage VIII, one may ad- 
vantageously use Gurr’s staining plate. 

Results of the Application of the Test to Tissues 

Since most proteins contain arginine, protoplasm gives a positive reaction. 
Most of the so-called tests for proteins are so weak when applied to sections 
that ordinary ground-cytoplasm is often uncoloured or only slightly tinged. 
It is generally not very easy to demonstrate by histochemical methods one 
of the most fundamental facts of biology— that cytoplasm contains protein. 
The Sakaguchi test, as modified for histochemical use, generally gives clear 
evidence of the existence of arginine in ground-cytoplasm. In some cases 
(e.g. in the epithelial cells of the mammalian intestine, or the spermatocytes 
and young spermatids of the frog) the reaction is quite strong. Smooth muscle 
also reacts fairly strongly. The reaction is naturally much stronger in the 
aleurone grains of plants, on account of the higher concentration of protein. 
The aleurone grains in the cotyledons of the apple-seed (Fig. 1 a) give a 
particularly strong reaction and provide a suitable object for a first trial of the 
method by botanists. (The testa of the seed must, of course, be removed before 
fixation, and the cotyledons should be cut across to allow the fixative to enter 
easily.) Chromatin is usually more darkly stained than nuclear sap and cyto- 
plasm, and nuclei therefore stand out slightly in most tissues. The nuclei of 
the spermatozoa of many animals react more strongly than any other cell- 
constituent that I have studied. I have already mentioned those of the snail 
in my earlier paper (1944). Those of the newt (Fig. 1 b) and salamander give 
a particularly powerful reaction. The testis of the newt is the most suitable 
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object for a first trial of the method by zoologists. The organ may be taken at 
any time between late summer, when spermatogenesis is complete, and the 
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Fig. i a. 


Nuclei of 
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Fig. ib. 

Fig. i. Photomicrographs of sections stained by the modification of Sakaguchi’s test 
described in this paper. The scale drawn below each photomicrograph represents o*i mm. 

A. Part of the cotyledon of an apple-seed. 

B. Part of the testiis of a common newt ( Triturus vulgaris). • 

beginning of the breeding season in spring. The powerful reaction in the 
nuclei of spermatozoa accords with the high arginine-content of the basic 
proteins that occur there in combination with nucleic acid. 
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The staff of the Botanical Garden at Oxford kindly provided me with some 
seeds of Galega officinalis . These showed nothing remarkable when subjected 
to the test. No method is known for the histochemical distinction between 
galegine and arginine. Klein and Schlogl’s method (1930) for the micro- 
chemical identification of galegine has not been adapted to histochemical use. 
The cells of the cotyledons showed large, strongly reacting aleurone grains, 
which may have contained galegine as well as combined arginine. (It is 
stated by Muller (1925) that the seeds of Galega officinalis contain no free 
arginine.) 

Summary 

1. A review of known facts indicates that Sakaguchi’s test gives a positive 
reaction with all substances having this formula (and with no others) : 


H 


-N= 


N-/3 

< j 

N— C— S 


H 


where a is H or CH 3 and is also H or CH 3 . 

2. Arginine, being a constituent of most proteins, is by far the commonest 
positively-reacting substance that occurs in the tissues of plants and animals. 
Galegine and agmatine, which also react positively, are of very restricted 
occurrence. 

3. Details are given of a method whereby Sakaguchi’s test may be applied 
to paraffin sections. 
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1. Introduction 

T HE aim of this investigation was to produce new ribboning embedding 
media which would, as far as possible, combine some of the advantages 
of paraffin wax and celloidin with a reduction of their disadvantages. 

The research required the selection and manufacture of many organic 
products. Thanks are expressed to Dr. T. Malkin, Dr. C. E. H. Bawn, and 
Dr. G. T. Young of Bristol University and to Dr. E. Cockbain of the Imperial 
Chemical Industries for help and advice on the preparation of uncommon esters. 

The research was conducted under the supervision of Professor C. M. 
Yonge. 

2. History of Ribboning Embedding Media 
Paraffin wax as a ribboning embedding medium has been known since 1882. 
It has been the main embedding medium ever since, but has been subject to 
additions and modifications at various times. Diethylene glycol distearate as 
a ribboning medium was first investigated by Orton and Post (193 2 ) an< ^ ^ a ^ er 
by Cutler (1935), but they abandoned the material because it had a number of 
weaknesses. 

3. Definition of Terms 

Before proceeding to deal with the difficulties which arose in the course of 
this research, definitions of some of the terms employed in the technique of 
sectioning are necessary. 
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Section. This is a thin slice of material embedded in a suitable matrix. It 
is a single slice, cut on a microtome and may vary in thickness from i to 60/u,. 

Section compression. Taking paraffin wax as an example, if the edge of the 
block at right angles to the knife is measured, and the corresponding edge of 
a section cut from that block is measured, it will be found that the length of 
the section is smaller than the side of the block. This diminution is due to 
compression of the embedding material as it passes the knife edge. It may 
amount to as much as 33 per cent, of the original breadth of the block, increas- 
ing inversely with the thickness of the section. It appears to be due to the 
crystalline nature of the embedding matrix, the particles of which slide upon 
one another with ease as compared with the particles which go to make up an 
amorphous material such as celloidin. 

Section de-compression. This means the expansion of previously compressed 
material towards its original length. In actual measurement it is rare for de- 
compression to equal compression, so that even when sections have been care- 
fully treated on hot water there are still some traces of compression left. 

Section expansion. This means an increase in either the length or breadth 
of a section after flattening on warm water as compared with the correspond- 
ing side of the block. It is almost unknown. 

Section crumpling. This is a puckering of the section in any direction or 
plane. 

Section curling. The section curls upon itself, a condition which may be 
carried to a point at which a cigar-like cylinder is produced. 

Section corrugation. This is a form of crumpling in which the puckering 
takes place in an even series of lines parallel with the knife edge. 

Section breakage. Very thick sections may break into a number of jagged 
bars roughly parallel with the knife edge. 

Section flattening. This means the reduction of a crumpled, curled, or corru- 
gated section to flatness, commonly by floating the section on warm water. 
Such flattening is usually accompanied by an increase in length, an increase 
which must not be confused with the increase due to de-compression. Only 
those sections which are flat as they leave the knife can be used for studying 
compression or de-compression. 

Ribbon. A ribbon is a series of consecutive sections firmly joined to one 
another. The sections comprising it should be flat, easy to enumerate, and 
the ribbon easy to handle. Thus any embedding material from which ribbon- 
ing is expected mtist show both cohesion and adhesion. There may be doubts 
as to the number of adhering sections which properly constitute a ribbon. 
It has been decided in this paper that a minimum of ten sections is a reason- 
able figure. 

Section range ( Range of thickness of single sections). This is an expression of 
the performance of a wax of stated composition or melting-point at a given 
room temperature. The range varies with the room temperature and is also 
influenced by the sharpness of the knife. It refers to single sections only. 

Ribbon range {Range of thickness of section-ribbons). This indicates the 
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ribboning performance of a wax of stated composition or melting-point at a 
stated room temperature. It is generally a smaller range than the section 
range of the same wax, because the factors responsible for successful ribboning 
are not the same as those required for successful production of single sections. 
It is dependent on a wide variety of factors which include room temperature, 
block temperature, age of the block, knife sharpness, interference by static 
electricity, &c. 

4. Production of Ester Wax 

In the production of ester wax, paraffin wax was taken as type of embedding 
matrix and after consideration of the technical problems involved the follow- 
ing list was compiled of the essential properties of any new ribboning embed- 
ding medium. The material should be: 

1. Other than a hydrocarbon 

2. Soluble in alcohol, dioxan, &c. 

3. Suitable for sectioning and ribboning 

4. Molten between 30° C. and 50° C. 

5. Translucent or transparent 

6. Stable 

7. Homogeneous 

8. Harmless to embedded material 

9. Capable of being flattened after ribboning 

10. Non-poisonous 

1 1 . Easy to handle 

12. Cheap 

13. Odourless 

14. Colourless. 

No natural wax was found which combined all these properties. Pure, 
refined waxes or fats were less suitable than mixed esters. Finally five syn- 
thetic materials were selected as possible bases : 

Diethylene glycol distearate 

Diethylene glycol monostearate 

Glyceryl tristearate 

Glyceryl monostearate 

Stearin. 

Of these substances diethylene glycol distearate proved to be the most 
satisfactory. It was used as the main constituent of a series of mixtures which 
were made to combat its crystallinity and to prevent air from creeping in 
during the making of blocks. Over 200 reagents were used, and after more than 
2,000 mixtures had been tested the following was found to be satisfactory : 


Diethylene glycol distearate 
Ethyl cellulose, low viscosity 
Stearic acid 

Castor oil ... 
Diethylene glycol monostearate 


73 gm. 

4 gm. 

5 gm. 
8 gm. 

10 gm. 
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As a softening agent castor oil was inferior to octadecanediol diacetate, but 
as the latter had to be made specially it was finally abandoned. 

The following are among the main physical characters of this mixture: 

Melting-point . . 48° C. 

Section range . . 2-20 /x at room temperature of 66° F. 

Ribbon range . . 2-1 5 /x at room temperature of 66° F. 

Compression after flattening 7*6 per cent, at 10/x. 

The above mixture may be varied according to the tissue to be embedded. 
For hard tissues the ethyl cellulose content may be increased to 5 per cent; 
for very hard material up to 7 per cent., but above 7 per cent, the mixture 
becomes too viscous to be used. The higher the amount of ethyl cellulose 
present the longer is the infiltration required. 

If a soft wax is required, as much as 20-30 per cent, of diethylene glycol 
monostearate may be used. 

A description of the constituents is given below: 

Diethylene glycol distearate. This is a commercial product which contains 
a high proportion of diethylene glycol dipalmitate. It frequently contains 
dust and gritty impurities which may be removed by filtering through a hot 
filter funnel using a rapid filter paper. A good paper is Barcham Green 904. 

It is better to filter the main ingredient in this way rather than the final 
mixture because the viscosity of the ethyl cellulose makes filtering a slow 
process. Exposed to the air the ester develops a bloom, which is composed of 
crystals, but which does not appear to affect the inner parts. This bloom also 
makes its appearance on the surface of the embedding mixture. 

Ethyl cellulose. This is a white, very light, powdery substance, which may 
be obtained in three grades of viscosity — low, medium, and high. There is 
little advantage in increasing the viscosity of any embedding medium and the 
low viscosity grade was used. A certain amount of dust is present in the 
commercial product, and this can be removed only by allowing it to settle in 
the mixture and decanting off the clear liquid. The presence of ethyl cellulose 
in the mixture imparts toughness to the section, enables the ribbon to be 
handled easily, and prevents the sections melting or coming to pieces on the 
water when flattening. 

Stearic acid. This is the purified form of stearin, and was used in all the 
experiments. It assists the mixture by promoting greater homogeneity, and 
by improving its ribboning properties. 

Castor oil. Thfe purified, colourless product is preferred. It is the softening 
agent in the mixture. 

Diethyleneglycol monostearate. This is a soft, lard-like ester, which improves 
the texture of the mixture, and assists ribboning. It generally contains free 
diethylene glycol which may be removed by melting and decantation. 

To make the mixture for embedding, first weigh out the castor oil into a 
porcelain pot with a handle. Then weigh out the diethylene glycol distearate 
and add about 15 gm. of the 73 to the castor oil. Melt over a bunsen flame and 
when hot add the ethyl cellulose, already weighed out. Heat until this dissolves 
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and then add the rest of the diethylene glycol, the stearic acid, and diethylene 
glycol monostearate. Allow to cool and the mixture' is ready. 

On being made into blocks it forms a translucent wax-like substance. If 
the pure wax used for making the block is heated approximately io°-i5° C. 
above its melting-point and then poured into the mould a dearer block will 
be produced than one in which the wax was used when just at its melting- 
point. The specimen should be in another container and should be put into 
the block when it has cooled sufficiently for a skin to form next to the metal 
L-pieces. 

5. Ester Wax Solvents 

Ester wax is designed so that the use of hardening hydrocarbons, either for 
clearing or embedding, may be avoided. A representative selection of clearing 
agents or solvents follows. The figures indicate the minimum temperature at 
which ester wax is soluble in all proportions with the given fluids. 

Table i. Temperatures at which Ester wax is soluble in pure solvents , and in 

aqueous dilutions 


I Wax insoluble ; IM Solvent immiscible with water ; S Wax soluble at 
all temperatures ; Results in degrees Centigrade. 



Percentage of water 


Solvent 

0 

JO 

20 

30 1 

40 

Alcohols 






Methyl .... 

I 

1 




Ethyl ..... 

43 

I 


i 


iso-Propyl 

38 

45 

50 


n-Butyl .... 

38 

IM 




Amyl ..... 

36 

IM 




Octyl ..... 

33 

IM 




Methylated spirits 

43 

I 




Ethylene glycol 

I 





Propylene glycol 

I 





Butylene glycol 

I 

IM 




Terpineol .... 

22 




Ethers 






Ethyl ether .... 

S 

IM 




Ethylene glycol mono-ethyl ether 

38 

65 

*i 



Ethylene glycol mono-methyl ether 

65 

I 



i 

Ethylene glycol mono-butyl ether 

34 

40 

44 

45 

Diethylene glycol 

I 





Diethylene glycol mono-ethyl ether 

I 





Diethylene glycol mono-butyl ether 

38 

45 

48 

i 


Dioxan .... 

S 

46 

1 



Esters 






Methyl acetate .... 

34 

IM 




Ethyl acetate .... 

S 

IM 




iso-Propyl acetate 

S 

IM 




n-Butyl acetate 

s 

IM 




Amyl acetate .... 

s 

IM 




Ethylene glycol diacetate . 

I 
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Table i (contd.) 


Percentage of water 


Solvent 

0 

10 

20 

30 

Esters (cont.) 





Glyceryl mono-, di-, and tri-ace- 





tates ..... 

I 




Ethyl butyrate 

S 

IM 



Ethyl lactate .... 

40 

75 

i 


Butyl lactate .... 

33 

IM 



Amyl lactate 

32 

IM 



Benzyl benzoate 

33 

IM 



Ethylene glycol mono-ethyl ether 





mono-acetate 

33 

IM 



Hydrocarbons 





Xylene ..... 

S 

IM 



Benzene ..... 

S 

IM 



Toluene ..... 

s 

IM 



Ligroin . 

s 

IM 



Chlorinated hydrocarbons 





Chloroform .... 

s 

IM 



Carbon tetrachloride 

s 

IM 



Pentachlorethane 

s 

IM 



Ethylene dichloride 

s 

IM 



Ethylene chlorhydrin 

s 

IM 



Ketones 





Acetone ..... 

33 

I 



Diacetone alcohol 

40 

I 



Cyclohexanone 

20 

I 



Amines 





Anilin oil .... 

18 

I 



Aldehydes 





Cinnamaldehyde 

33 

IM 



Anisaldehyde .... 

33 

IM 



Salicylaldehyde 

25 

IM 



Natural oils 





Arachis 

S 

IM 



Castor ..... 

S 

IM 



Cedarwood . . 

S 

IM 



Clove 

s 

IM 



Olive ..... 

s 

IM 



Origanum .... 

s 

IM 



Peppermint .... 

s 

IM 



Wintergreen . . . . | 

s 1 

IM 

•• 1 



From the figures given in Table i it is clear that ester wax is soluble in a 
wide range of substances, any of which could be used as clearing agents. The 
following are suggested: 



129 


Steedman — Ester Wax: A New Embedding Medium 

Ethylene glycol mono-ethyl ether (Cellosolve). 

Ethylene glycol mono-butyl ether. 

Diethylene glycol mono-butyl ether. 

Dioxan. 

Cedarwood oil. 

6. Infiltration with Ester Wax 

As with paraffin wax specimens may be taken directly from the wax solvent 
into the molten wax. This is not recommended. The more gradual change 
effected by interposing a solution of ester wax in the solvent before finally 
placing in molten wax is preferable. 

The correct time during which a specimen should remain in molten ester 
wax depends on the size of the specimen, but a few representative examples 
are given below. 

Frog egg, 2*5 mm. diameter . . 3 hours 

Pieces of Lumbricus , 15 X 15 mm. (diam.) 15 hours 
Pyloric stomach, Cat, 15 X 15 x 15 mm. . 24 hours 

Siice of brain, Cat, 34 x 25 X 10 mm. . 60 hours 


In all cases it is advisable to change the specimen from one bath of 
molten wax to a second and a third before finally making the block. This is 
particularly important when using clearing agents of low evaporation rates, 
e.g. dioxan. 

The presence of free stearic acid in the mixture leads to the production of 
copper stearate should copper pans be used. This does not appear to affect 
the tissue, but a piece of paper placed at the bottom of the copper pot con- 
taining the molten wax will prevent contact with the copper stearate. Porce- 
lain pots are recommended, however. 


The times taken for producing stained serial sections of Hydra oligactis may be of interest. 


Fixed Camoy 

5 min. 

Staining and flattening 

5 min. 

Washed, dehydrated, and 


Drying .... 

10 „ 

cleared in ‘Cellosolve* . 

3 >, 

Wax removal, counterstain- 


Infiltrated, 2 baths . 

5 

ing and mounting . 

7 » 

Block-making and cooling 

10 „ 

Total 

one hour. 

Ribboning, 6 ft 

15 „ 


7. Block-Making with Ester Wax 

The well-marked crystalline nature of diethylene glycol distearate makes 
block-making with ester wax a careful operation. Air infiltration is the chief 
difficulty. The following procedure, using metal L-pieces, was found most 
useful. 

Adjust the L-pieces to the size of the block required on a small piece of 
glass such as a 3 X 1 in. slide. Pour the molten ester wax into them. Take the 
specimen from molten wax in the embedding oven and place it in the wax in 
the L-pieces so that it lies on the skin of congealed wax next to the glass slide, 
and in the angle of one of the L-pieces rather than in the centre. Place the 
slide with the L-pieces on it in a Petri-dish of cold water, so that the block is 

2521* I K 
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not submerged, and as cooling and contraction of the wax takes place fill in 
the hole which forms either by using a hot spatula or needle or by dropping 
molten wax into it. A slight amount of air infiltration will take place at the 
top of the block, but this is usually so far away from the specimen that it gives 
no trouble and is removed when the block is trimmed. 

The quicker a block cools the better will be its texture. It is always prefer- 
able to have the L-pieces cold before pouring molten wax between them, 
because a skin of wax is quickly produced next to the cold metal. As contrac- 
tion of the wax takes place it can shrink away from the sides of the mould, and 
in this way the centre of the block may contract less. A better block is pro- 
duced if the wax used in making it is heated over a bunsen to about 20° C. 
above its melting-point just before pouring into the L-pieces. 

8. Cutting Ester Wax Sections 

All the precautions to be taken when cutting sections of paraffin wax must 
be observed when cutting sections of ester wax. In addition sections of ester 
wax must be cut very slowly , otherwise badly crumpled sections will be pro- 
duced. 

It is in the cutting of ester wax sections that one of the fundamental differ- 
ences from paraffin wax may be observed. Paraffin wax is made up of a number 
of minute crystals and as the block passes the knife edge the crystals can be 
felt grating upon it. In addition the movement of the crystals produces a 
shortening, i.e. compression, of the section. This compression, even though 
followed by de-compression when the section is placed on warm water, is 
certainly harmful to embedded tissues. The smooth appearance of celloidin 
sections is considered due not only to the avoidance of heat in the technique 
but also to the fact that celloidin is not crystalline and that compression is 
practically non-existent. 

Ester wax closely resembles celloidin in this respect. Its very large crystals 
adhere to one another so firmly in the properly cooled condition that it 
behaves as an amorphous mass even though the crystals are visible under the 
microscope and are much larger than those of paraffin wax. The size of a 
slowly cooled crystal may be about 4 mm. in diameter ; the commonest size is 
2-3 mm. 

A sharp microtome knife is essential, and it should be stout and securely 
held. Ester wax is a very hard material compared with paraffin wax and a 
microtome knife which will not bend away from a block of paraffin wax during 
cutting will frequently do so when ester wax is used. Even a trace of looseness 
in the bearings of sliding parts of the microtome will lead to sections of un- 
equal thickness, and this will produce poor ribboning or no ribboning at all. 

For thick sections the material may be cut on the microtome the day the 
block is made, but thin sections of 3-6 /x are better obtained on the second or 
third day. 

For very thick sections and for block trimming it is an advantage to place 
the block in a warm oven or in warm water for a minute or two. 
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9. Flattening Sections of Material Embedded in Ester Wax 
It has already been stated that one of the best embedding mixtures is : 


Diethylene glycol distearate ....... 73 gm. 

Ethyl cellulose, low viscosity ...... 4 gm. 

Stearic acid .......... 5 gm. 

Castor oil ......... 8 gm. 

Diethylene glycol monostearate . . . . . . 10 gm. 


The object of this research was to produce a wax which was not a hydro- 
carbon and which had a greater water tolerance than paraffin wax. The above 
formula and the section on ester wax solvents shows that this has been done. 
But increased water tolerance in an embedding medium also implies a greater 
affinity for water by the sections, and also a differential affinity, because the 
tissue in the section is much nearer its natural condition than when embedded 
in a hydrophobic wax and during flattening on warm water takes up more 
water than the wax. This differential intake leads to crumpling of the 
section so that when it is finally dried after flattening on water small folds 
are present. 

This was the case with material sectioned in the mixture given above. The 
sections, both wax and specimen, were flat when on warm water on a slide, but 
crumpled when the slide cooled later on. The possibility that successful 
flattening of the specimen might be induced by lowering the surface tension 
of the flattening water, by introducing substitutes for stearic acid in the 
formula, and by adding a water-soluble wax solvent to the flattening water 
was therefore investigated. 

Reagents such as sulphonated castor oil and sodium taurocholate were 
used for lowering the surface tension. Stearic acid esters were substituted 
for stearic acid in the formula. Cellosolve and ethyl lactate were included in 
the water-soluble wax softeners. Variations in the pH of the flattening water 
were also tried. 

The results showed that no beneficial effects followed from the use of such 
reagents, and further experiments were abandoned. 

A noticeable feature of ester wax is the tendency for individual sections of a 
ribbon to separate during flattening. This frequent fault was considered as 
being due to a low margin of ribboning power. Such a margin could possibly 
be increased by further experiments with crystalline materials such as stearic 
acid, but even then the greater the amount of adhesive material added the more 
would the special properties of diethylene glycol distearate be reduced. 
Accordingly no further experiments were made in this direction. 

Considerable improvement in flattening was noticed when the sections 
were placed in an oven at 35°-40° C. after flattening on water in the usual 
way. In this manner they dried at the temperature at which they were 
flattened and were not allowed to become cold and wrinkled. It is essential 
that ester wax sections should be dried in this manner, and that when placed 
in the oven there should be sufficient water beneath the ribbon to act as a 
lubricant. 
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io Staining Sections oE Material Embedded in Ester Wax 
Because of its greater water tolerance it is possible to stain sections of 
material cut in ester wax in two ways: 

A. In the ribbon, i.e. with the wax still present; 

B. After removal of the wax, as with paraffin wax sections. 

The second method is well known and needs no description. The steps of the 
first method are as follows : 

1. Smear a microscope slide with albumen in the usual way. 

2. Flood the slide with a solution of methylene blue in water (o*ooi per cent, 
or stronger). Place the ribbons on the solution and flatten by warming. 

3. Drain away the excess staining solution and then wash the slide with the 
section still on it by adding a few drops of water and draining again. 
Repeat this until no more blue comes away. 

4. Leave sufficient water on the slide to float the ribbons and place in an 
oven at 45°-50° C. to complete the flattening and to dry. Twenty minutes 
to one hour is enough. Any of the nuclear coal-tar dyes may be used in 
this way. 


For removing the wax and counterstaining the following solutions are 
necessary : 



1 

2 j 

3 

4 

5 

6 

7 

8 

Cellosolve (Ethylene glycol 
mono-ethyl ether) 



10 

20 

40 

80 

100 

100 

Ethyl acetate . 

. . 


45 

40 

30 

10 



Xylene .... 

100 

100 

45 

40 

30 

30 




Erythrosin or eosin may be used as a counterstain dissolved to saturation in 
any solution from No. 4 to No. 7* The higher the percentage of cellosolve 
present the more will the methylene blue be extracted. The ordinary pro- 
cedure is outlined below: 

1. Partly remove wax from the sections with xylene, 2-5 minutes. 

2. Continue this process in the 10 per cent, cellosolve mixture. 

3. Differentiate the methylene blue in mixture No. 6 or No. 7. 

4. Counterstain in No. 8, to which has been added eosin or erythrosin to 
saturation. If it is found that the methylene blue is extracted, the lower 
percentage cellosolve solutions with eosin to saturation should be 
employed instead. 

5. Transfer the slide from No. 8 to No. 4, bringing a good supply of stain 
on the slide. This stain will then be forced into the material owing to the 
decreased solvency of the No. 4 mixture. Rinse well to remove excess 
stain solution. 

6. No. 3 solution for 2-4 minutes. 

7. Xylene (two baths). 

8. Mount. 
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11. Mounting Stained Ester Wax Sections 

After counterstaining, sections are placed in pure xylene and mounted in the 
usual way. Canada balsam in xylene is not recommended as methylene blue 
invariably fades in this medium. The proprietary product ‘Sira’ and the poly- 
styrene mounting medium put forward by Kirkpatrick and Lendrum (1941) 
do not make methylene blue preparations fade. They are recommended in 
place of balsam in xylene. 

Stained preparations should be kept out of direct sunlight or very bright 
daylight. 

12. Summary 

Ester wax is a new ribboning embedding medium. It consists of five sub- 
stances which may be varied in proportion so that media of different charac- 
teristics may be produced. A mixture which will meet most requirements is 
as follows : 


Diethylene glycol distearate 

73 

gm. 

Ethyl cellulose 

4 

gm. 

Stearic acid .... 

5 

gm. 

Castor oil .... 

8 

gm. 

Diethylene glycol monostearate . 

10 

gm. 


The following facts relate to this mixture : 

Melting-point. 46-8° C. 

Section range. 2-20 fi at a room temperature of 64° F. 

Ribbon range. 2-1 5 /a at a room temperature of 64° F. 

Final compression loss. 7-6 per cent, at 10/x (after flattening). 

Solvents. Alcohols, ethers, esters, ketones, hydrocarbons, aldehydes, 
chlorinated hydrocarbons, natural oils, &c. 

Cutting. This must be done more slowly than with paraffin wax. 
Flattening. Sections may be flattened on tap-water or aqueous staining 
solutions. Flattening must be completed in a drying oven at 40-5° C. 
with sufficient water under the sections to float them. 

Staining. Two methods : (1) In the ribbon ; (2) As for paraffin wax sections. 
Pre-mounting fluid. Xylene, benzene, ligroin, &c. 

Mounting fluid. ‘Sira’, or Kirkpatrick and Lendrum’s polystyrene mounting 
medium. 

Conclusion. It is believed that ester wax may open up new methods in 
histology and cytology. Its greater water tolerance and its property of ribbon 
staining followed by drying constitute an advantage found in no other embed- 
ding medium. Greater use of the wide range of solvents as stain carriers is 
indicated. 
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1. Introduction 

T HE problem of the localization of the endocrine function of the testes in 
birds as well as in mammals is still unsolved, notwithstanding the large 
numbers of papers relating to it. The results of our experiments with young 
mice, forming the first part of these investigations, have been published by 
one of us (Sluiter, 1945). 

It is generally known that the hypothesis of Bouin and Ancel (1903), who 
claimed that the testis hormone is formed in the so-called interstitial cells, 
was violently opposed by Stieve (1921a, 19216, 1923, 1926); later investiga- 
tions, however, especially those of Benoit (1924a, 19246, 1929) pointed out 
that the endocrine function of the cock’s testis is not interfered with when the 
generative tissue is totally eliminated by Rontgen-radiation. Hence we must 
assume per exclusionem that in the avian testis the male hormone is formed 
somewhere in the intertubular tissue. Benoit (1929) ascribed this function in 
the cock’s testis to intertubular cells, which morphologically resemble gland 
cells. He identifies them with the well-known so-called Leydig cells, which 
according to him possess a glandular appearance periodically. Stieve on the 
contrary does not find any secretory cells in the intertubular tissue. According 
to him the fully developed Leydig cells, large conspicuous cells containing 
many lipoid granules, have only a trophic function. 

[Q.J.M.S., Vol. 88, Third Series, No. 2] 
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In the present paper we will try to answer the following questions: 

1. Is it possible to locate, in the intertubular tissue of the cock’s testis, cells 
that may be regarded as glandular on the evidence of their cytological 
structure and the chemical nature of their contents? (Cf. p. 144, 
under 2.) 

2. What is the physiological significance of the intracellular storage of 
lipoids in the intertubular tissue? (Cf. p. 146 under Conclusion 3.) 

3. Are the number, the functional changes of structure, and the micro- 
chemical reactions of the contents of the interstitial cells such that these 
may be regarded as the cells that produce the male sex hormone; and 
are this number and these structural changes present at an appropriate 
period of life? (Cf. p. 148 under Conclusion 4.) 

We have attempted to answer these questions by a careful cytological in- 
vestigation of the different intertubular cell-types, and of their changes after 
the administration of gonadotrophins to cockerels, which manifest their 
effects by afi accelerated development of the head appendages. 

2. Material and Methods 

The material consisted of 3 1 cockerels, the ages of which varied between 2 
and 200 days. In 5, being 14-52 days old, gestyl, a gonadotrophin prepared 
from pregnant mare serum, which has a distinct accelerating influence on the 
development of the head appendages, was administered. Our thanks are due 
to the Directors of Organon N. V. , for providing us with this preparation. Each 
experimental bird receiyed 4 doses totalling 100 I.U. every other day and was 
killed for autopsy 2 days after the last injection. Then the testes were fixed 
and the size of the head appendages measured. Owing to war-time circum- 
stances we did not have the necessary photographic material at our disposal ; 
we therefore had to use translucent paper on which images of the head 
appendages were projected. To establish the relative surface area of these 
appendages, these images were redrawn on cardboard, cut out, and weighed. 

Parts of the same testis were fixed in Bouin’s fluid for general staining ; in 
Champy’s fluid for staining cytological details such as mitochondria and 
granules with the aid of Altmann’s acid fuchsin and brilliant-cresylblue ; in 
Giroud’s and Leblond’s fluid for demonstrating vitamin C; in Schultz’s fluid 
to establish the presence of cholesterol ; and finally in formalin for the staining 
of lipoids with Sudan III. The thickness of the sections was 2-3 /* after 
Champy-fixation and 10/x in all other cases. 

3. Growth of the Testis, of its Components, and of the Head 
Appendages 

In cockerels’ testes, besides intertubular connective tissue cells, nervous 
tissue, blood-vessels, and lymph- vessels, cells are found, the contents of which 
stain deeply with acid fuchsin after fixation in special fluids, e.g. Champy’s 
fluid. They will be termed interstitial cells (in a restricted sense) and agree 
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with the large lipoid-storing Leydig cells, mentioned by Stieve, as well as with 
the glandular interstitial cells described by Benoit. 

In Text-fig. 1 the sizes of the testes, of their components, and of the 
head-appendages of cockerels of different ages, some of them after gestyl- 
administration, are delineated. The average size of the testes is expressed 
by rectangles of which the length of the short and long side are proportional, 
respectively, to the average length of the short and long axes of both ellipsoid 
testes. In every rectangle the following testis-components are represented at 
the same magnification : testis-tubules (white), interstitial cells (black), and rest 
of the intertubular tissue (dotted). In normally developing cockerels, respec- 
tively 14, 38, 66 , and 200 days old (Text-fig. 1 , a, b> c, and d)> the intertubular 
tissue is originally larger than the testis-tubules (Text-fig. 1, a and b). Later 
on, the latter are relatively more developed than the intertubular tissue (Text- 
fig. 1, c and d). The same applies to the size of all the interstitial cells taken 
together, compared with that of the testis-tubules. After gestyl- administra- 
tion the testes of very young cockerels increase in size (cf. Text-fig. 1, a and 
a x ) contrary to those of older ones (cf. Text-fig. 1, b and b x ). In both cases a 
marked increase of the total quantity of interstitial cells is evident, an in- 
crease which runs parallel to the enlargement of the head appendages. This 
fact, already known in mammals, supports the hypothesis that the male sex 
hormone is formed in the interstitial cells (Bourg, 1930; Sluiter, 1945). 

The two-dimensional drawings of Text-fig. 1 are not adequate fo* a compari- 
son of the volumes of the three-dimensional testes and their components. 
This comparison, however, is made in Text-fig. 2. In this graph the age of the 
cockerels is plotted against the relative volumes of the testes and their com- 
ponents. These volumes have been calculated by cutting the testis-components 
out of the rectangular drawings, mentioned above, weighing them, and multi- 
plying the numbers obtained by a factor, which is proportional to the average 
lengths of the short axes of both testes. From this graph it follows that the 
development of the head appendages runs about parallel with the testis- 
enlargement, which for the greater part must be ascribed to a growth of the 
testis-tubules. The distance between the curves for the growth of the testis 
and of the testis-tubules may serve as an indicator for the growth of the total 
intertubular tissue; relatively, i.e. with regard to the whole testis, this tissue 
decreases in size (cf. also Text-fig. 1), but absolutely it increases considerably. 
This enlargement is distinctly shown by the upper broken line of Text-fig. 2, 
which relates to the volume of the intertubular tissue, multiplied 10 times. 
The fact that the intertubular tissue increases in volume absolutely and that 
this increase runs parallel to the development of the head appendages, had 
already been mentioned by Benoit (1922). This fact was overlooked and some- 
times even denied by investigators, who did not think it necessary to measure 
the quantity of intertubular tissue by a reliable method and only estimated it. 

It is customary to attach much value to the volume of the total intertubular 
tissue in relation to the endocrine function of the testis. Benoit (1929), how- 
ever, points out that only the quantity of interstitial cells is of primary 
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Text-fig. i. Sections of testes of normal cockerels, respectively 14, 38, 66, and 200 days old 
(a-d), and of gestyl-treated cockerels, 14 and 38 days old (a lt b t ). The sides of each rect- 
angle are proportional to the mean sizes of the long and short axes of both testes. Champy- 
fixation, Altmann’s acid fuchsin-staining. X 75. Heads reduced to about f. 
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Text-fig. 2. Graph showing growth of the testes, of their components, and of 
the head appendages in normal cockerels. Heads reduced to about fa. 


importance, because the cells which produce the male sex hormone belong to 
them. We entirely agree with his view. In Text-fig. 2 (lower broken line) it is 
shown that the volume of all the interstitial cells taken together increases 
slightly but distinctly and parallel to the development of the head appendages. 
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Summarizing, we have ascertained that parallel to the development of the 
head appendages the volume of the intertubular tissue as well as the total 
volume of the interstitial cells increases. This fact points to the endocrine 
function of these cells, but is no proof of it. To demonstrate the endocrine 
function of the interstitial cells, it is necessary to carry out an accurate quanti- 
tative investigation of the cytological structure of these cells and the functional 
changes which take place in them. 

4. Cytology of the Interstitial Cells 

As already mentioned (p. 136) it does not suffice to pay attention only to 
size, form, or lipoid content to distinguish the interstitial cells from other 
cell-types in the intertubular tissue; mitochondria, granules, and vacuoles 
must also be considered. Therefore the structure and possible function of 
the intertubular cells can only be satisfactorily studied after specific fixation 
and staining of the testis. The laboratory routine technique (e.g. fixation in 
Bouin’s fluid and staining with haematoxylin) is not sufficient. 

According to Benoit (1929) the interstitial cells of male chicken embryos 
acquire a ‘chotidriome plus riche’ towards the end of the incubation period ; 
then also fuchsinophil granules and vacuoles make their appearance. The 
vacuoles, which gradually become so numerous that they fill up the whole 
body of the cell, possess a lipoid content. The interstitial cells remain in this 
stage during the first two or three months after hatching. At the beginning 
of the pre-spermatogenesis stage distinct changes take place in the interstitial 
cells ; the lipoid vacuoles disappear and large quantities of ‘chondriocontes’, 
mitochondria, and fuchsinophil granules replace them. Then, according to 
Benoit, these cells possess their definite structure, which they retain during 
sexual life. 

Benoit maintains that this points to the fact that the endocrine function of 
the testis is located in these cells. Actually the large number of fuchsinophil 
elements (mitochondria, granules) points to a certain activity of these cells 
and it is likely that this activity is a glandular one. The presence of lipoid 
vacuoles is not so clear, because they sometimes occur in such quantities that 
there is no room for a glandular function in the cell. Stieve (1923, 1926) has 
already remarked that the number of these lipoid-containing cells may increase 
enormously under certain circumstances in adult cocks, without an increased 
hormone production. 

Consequently several questions arise : 

1. Is it possible to establish, besides the presence of the fuchsinophil 
elements described by Benoit (1929), other cytological properties, 
which point to a glandular function of certain interstitial cells? (Cf. 
p. 144, under 2.) 

2. Does any relation exist between the lipoid occurring in the interstitial 
cells of cockerel-testes and the endocrine function of the male gonads ? 
(Cf. p. 146, Conclusion 3.) 
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3. Is it possible to establish a well-founded quantitative relation between 
the activity of interstitial cells and the amount of the male sex hormone ? 
(Cf. p. 146, Conclusion 4.) 

In order to answer these questions it is necessary to begin with a detailed 
description of the cytological structure and chemical constitution of these cells 
before and during the development of the head appendages and then to 
establish the changes occurring in these cells quantitatively, if possible by 
counting the cells in different functional stages. 

In the first month after the cockerels are hatched, two distinctly dif- 
ferent typ^s of interstitial cells have been found by us in the testis (Text- 

fig- 3 )- 

The first type relates to cells, which, after having been fixed in Champy’s 
fluid, are almost totally filled with small vacuoles (Text-fig. 36), whereas some 
mitochondria or other very small fuchsinophil elements are found among 
these vacuoles. After having been stained with Sudan III (Text-fig. 3&1) 
several cells full of red globules are visible, which are apparently identical 
with the vacuoles shown in Text-fig. 3 b. It is certain that these cells are 
Leydig cells, which, being totally filled with fat, are storage-cells according to 
Stieve. We agree that in these cells lipoid is accumulated, but believe that 
Stieve goes too far when he concludes from its presence in these cells after 
Sudan-staining that this lipoid is used for the metabolism of the testis- 
tubules only. Therefore we have submitted these cells to Schultz’s choles- 
terol-test. Text-fig. 3(1 shows that the blue oxycholesterol granules are only 
present in the intertubular spaces; on comparing Text-fig. 3 a and Text-fig. 
3, flj — which is drawn from a Sudan-stained section — it is clear that the 
sudanophil substance consists at least partly of cholesterol or its derivatives. 
As cholesterol is the substance from which the synthetic androgens are 
derived, it is not impossible that the presence of a sudanophil substance in 
the intertubular tissue of the cockerel’s testis may be connected with the 
growth of the testis-tubules as well as with the endocrine function of the 
interstitial cells. Finally we can conclude from Text-fig 3^ sudano- 

phil substance is found partly outside the interstitial cells, i.e. in the connective 
tissue cells surrounding them. 

The second cell-type has quite another appearance (Text-fig. y). Vacuoles 
are lacking in these cells, which contain many, mostly granular, mitochondria. 
After Sudan-staining no (or very few) lipoid globules are visible (Text-fig. 
3^) ; the mitochondria are more or less sudanophil and some lipoid globules 
occur in the surrounding connective tissue. According to Benoit these cells 
are glandular cells with a marked endocrine activity. 

In cockerels, 1-2 months of age , a third type of interstitial cell appears 
(PI. 1, C and c), characterized by the presence of one vacuole, often so 
large that it occupies almost the whole cell-body (PI. 1, C). Mitochondria 
are present in rather large numbers. After Sudan-staining (PI. 1, r x ) 
these vacuoles appear to possess no sudanophil contents. These cells, 



Text-fig. 3. Intertubular testis tissue of cockerels in the first month after hatching, a and 
a u respectively after Schultz’s cholesterol-test and Sudan Ill-staining (x 100); b and c, 
after Champy-fixation and Altmann-staining ( x 1000); b x and c lt after Sudan Ill-staining 
( X 1000). Arrows refer to comparable interstitial cells. Head reduced to about 
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which are also strongly glandular in appearance, have apparently been over- 
looked by Benoit. 

Using Schultz’s cholesterol-test we found that the intertubular sudano- 
phil substance in these older cockerels also mainly consists of cholesterol- 
derivatives (cf. PI. 1, a and a x ). In several places in such a preparation 



Text-fig. 4. Intertubular testis tissue of a cockerel, 200 days old. a, after Champy-fixation 
and Altmann-staining; a Jt after Sudan Ill-staining. X 1,000. Head reduced to about £. 

it was even possible to identify cell-nuclei and to state that the cholesterol- 
derivatives were lying in the cytoplasm around the nucleus (PI. 1, a 2 ). We 
could not establish to which of the types of interstitial cells, described above, 
these cells belonged. 

In testes of cockerels, 2-5 months of age , all three cell-types are present. 
With increasing age of the cockerels small vacuoles appear in the cells of the 
third type in addition to the characteristic large vacuole (Text-fig. 4a); they 
possess sudanophil contents (Text-fig. 4 a x ). Moreover, the interstitial cells 
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of the testes of these older cockerels are smaller and more oblong than those of 
younger birds. This is easy to understand, as the intertubular spaces become 
narrower (Text-figs, i and 2), whereas the number of interstitial cells in- 
creases considerably. 

According to Tonutti (1943) and others, the mammalian interstitial cell 
contains many vitamin C granules. In the testes of our cockerels the vitamin 
C reaction was very weak and if present vitamin C granules could be found 
evenly scattered over all kinds of testis tissue. 



Text-fig. 5. Lipoid cells from the intertubular testis tissue. 

Champy-fixation and Altmann-staining. X 2,250. 

Summarizing, we can divide the interstitial cells into two essentially differ- 
ent types : 

1. Lipoid cells (Text-fig. 5), characterized by sudanophil globules, which 
after Champy-fixation appear as empty vacuoles (Text-figs. 5 a and 5a 2 ). I n 
fresh Champy-preparations these vacuoles possess a black, i.e. an osmiophil 
content (Text-fig. 5 a x ), which, however, dissolves after some hours in Canada- 
balsam. It must be emphasized that by ‘lipoids’ are understood several 
chemically diverse fatty substances and also substances which are decidedly 
not fats; cholesterol and its derivatives also stain with Sudan III. 

2. Secretory cells , characterized by the presence of numerous, mostly 
granular (Text-figs. 6a, 6 b , 6c) and sometimes filamentous (Text-fig. 6a x and 
6a a ) mitochondria and the absence of lipoid vacuoles. These secretory cells 
are present in two cell-types: secretory cells A without (Text-figs. 6a, 6a x , 6a 2 ) 
and secretory cells B with one vacuole (Text-figs. 6 b , 6c, 6 d). The contents of 
these vacuoles are not sudanophil nor osmiophil. After Champy-fixation the 
vacuole is mostly empty, but sometimes it possesses a light-refracting crystal- 
line body (Text-fig. 6c). Whether this corpuscle is identical with the globu- 
line-crystalloid of Reinke, which has been described for human and other 
mammalian interstitial cells, could not be ascertained. 

As to the mutual relation of these cell-types, it is obvious that secretory cell- 
type B develops from type A, in which a vacuole, gradually increasing in size, 
appears (Text-figs. 6 b> 6c, 6 d). According to Benoit (1927 b) type A is derived 
from lipoid cells which lose their lipoid contents and in which more and 
more mitochondria develop. Though we have also observed cells which 
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possess a rather large quantity of mitochondria in addition to many lipoid 
vacuoles, we have never seen a complete series of transitional stages between 
lipoid cells and secretory cells A. Therefore we do not think that Benoit’s 
hypothesis is proved. 




Text-fig. 6. Secretory cells, a , a it and a i} secretory cells A; b, c, d, b lt and d u 
secretory cells B. Champy-fixation and Altmann-staining. X 2,250. 

5. The Number of the Interstitial Cells in Relation to the Size of the 

Head Appendages 

From the above it follows that there are interstitial cells which may be 
considered glandular cells. However, this does not imply that they secrete 
the male sex hormone. Moreover, it is necessary to ask whether the lipoid 
cells play a part in producing this hormone. 

In order to answer these questions we have tried to find a relation between 
the numbers in which the three types of interstitial cells occur, and the size 
of the appendages, by counting these cells in the testes of normal and gestyl- 
treated cockerels of different ages. 

In the diagrams of Text-fig. 7 the results of these counts are shown. The 
numbers of the three types of interstitial cells are represented by the areas of 
the columns; the lightly dotted areas relate to the lipoid cells; the heavily 
dotted areas to the secretory cells A, and the black areas to the secretory 
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cells B. The ordinates represent the percentages in which these cells occur. 
The relative surface areas of the head appendages (comb, wattles, and ear- 
lobes together) are shown by the numbers given above drawings to scale of 
each cockerers head. 

In the upper row (Text-fig. 7 a) the columns relate to 23 normally growing 
cockerels; in the lower row (Text-fig. 7 b) pairs of columns are shown, of which 
the left relates to a normal control bird, whereas the right one has reference 
to a cockerel which has been treated with gestyl. 

The data on which the columns of Text-fig. 7 are based were determined in 
the following way. In rectangles, similar to those described on p. 137 (cf. also 
Text-fig. 1) but having a surface four times larger, the number of each of the 
three interstitial cell-types was counted; then the total number of these cells 
in one testis was approximated by multiplying the number counted with a 
factor, which is proportional to the average length of the short axis of both 
testes. In this way numbers of interstitial cells were obtained, which relate to 
the real total number, and which can be compared with each other. 

From Text-fig. 7 it follows that: 

1. The total number of the three interstitial cell-types increases enormously 
(cf. the total areas of the columns) as the head appendages develop. 

2. In normal birds about 50 per cent, of this increase in size is due to the 
increase in number of the lipoid cells (cf. Text-fig. ja y lightly dotted 
areas). 

3. In gestyl-treated birds this increase is only due to the secretory cells, 
whereas the head appendages have enlarged considerably as a result of 
the treatment (cf. Text-fig. 7 b y heavily dotted and black areas). 

4. In normal as well as in gestyl-treated birds, the secretory cells B (cf. 
Text-fig. 7, black areas) become more numerous as the head appendages 
increase in size. This was especially perceptible in young gestyl-treated 
cockerels (cf. the 2 first pairs of columns in Text-fig. 7 b). 

Conclusion 1 . This fact is in favour of Benoit’s opinion that the interstitial 
cells produce the male hormone, but it does not show which of the two cell- 
types, the lipoid cell or the secretory cell, is responsible for the hormone- 
production. 

Conclusion 2. The increase in number of the lipoid cells might possibly 
point to the fact that the hormone is produced by the lipoid cells, but the 
same might be stated for the secretory cells. 

Conclusion 3. From this observation it is obvious that the lipoid cells are 
certainly not directly necessary for the production of the hormone. The obser- 
vation of Stieve (1923, 1926) who found that in fattened cocks and ganders the 
number of well-developed cells of Leydig (i.e. our lipoid cells) increases 
enormously whereas the head appendages do not increase in size, is also 
in favour of this opinion. Furthermore, one can deduce from Text-fig. 7 a that 
the number of lipoid cells increases as the testis tubules develop. This sug- 
gests that the testis-tubules do not absorb substances that have been stored 
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Text-fig. 7. Diagrams showing relative numbers of lipoid cells (lightly dotted), secretory 
cells A (heavily dotted), and secretory cells B (black) in normal cockerels of 2-200 days ( a ) 
and in gestyl-treated cockerels. In b, the right column of each pair of columns refers to a 
gestyl -treated cockerel of 14-52 days; the left column refers to a normal control bird. The 
total numbers of interstitial cells and of each cell -type are shown respectively by the surface 
area of each column and of its components. The numbers above each head show the relative 
surface area of the head appendages. 

in, these lipoid cells. Therefore the quantity of lipoid cells in the testis 
interstitium seems to depend only on food conditions of the animal, i.e. on 
the quantity of lipoid that the body can spare for storage at a certain moment. 
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Perhaps the lipoid cells are indirectly connected with the formation of the 
hormone, as they might act as storage-cells of special elementary substances. 
That they contain cholesterol-derivatives (cf. p. 141) points in this direction. 

Conclusion 4. The fact that the secretory cells B, representing the most 
advanced functional stage of secretory cells, increase in number as the head 
appendages develop, in normal as well as in gestyl-treated animals, is especially 
important in proving that the secretory cells produce the male sex hormone. 
The formation of one large vacuole in each cell is in agreement with this. 
Moreover, the number of secretory cells B is a standard for the quantity of 
hormone produced. 

According to Benoit (1927) the presence of only 0-3 gm. of testis-tissue is 
sufficient for the complete development of the cock’s comb. However, the 
testes of the cockerels represented by the last column of Text-fig. 7 a weigh 
much more. Therefore the large quantity of secretory cells in the testes of 
these birds points to the following possibilities: 

1. In older cockerels there is a large overproduction of the male hormone, 
this being, however, improbable; 

2. Each of the secretory cells B secretes much less hormone in older than 
in younger birds. This supposition agrees with the fact (cf. p. 143) that, 
as the cockerels grow older, i.e. from the age of 2 months onwards, 
lipoid granules originate in these cells. In our oldest cockerels this 
was the case in most of the secretory cells B. Therefore these cells 
have the appearance of storage cells (cf. Text-fig. 4 and 6 b v 6 d x ) and 
only one large conspicuous vacuole reminds one of their original 
glandular function. 

6. Discussion 

Finally we will try to give a better insight into the function of the inter- 
stitial tissue in cockerels than has hitherto been possible. 

It cannot be denied that the storage of lipoids is one of the functions of the 
interstitial tissue. 

The investigations of Benoit have, above all, shown that the endocrine 
function of the cock’s testis must be localized in the interstitial tissue and that 
glandular cells are found in it. Moreover, the occurrence of the so-called 
secretory cells B with their large vacuole is in favour of this opinion. 

Benoit has also demonstrated a parallelism between the glandular activity 
of the interstitial tissue and the quantity of male hormone produced. He 
drew this conclusion from the fact that the total quantity of the interstitial 
cells increases proportionally to the enlargement of the head appendages, but 
he does not distinguish the glandular cells with many mitochondria and little 
lipoid from the lipoid cells, both being considered as secretory cells. 

On the contrary, our counts of the interstitial cell-types have shown that 
Benoit’s view, though perhaps not wholly at variance with reality, is much too 
schematic: there is no reason to call cells, which are packed full of lipoid 
globules, glandular cells; true connective tissue cells may show the same 
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phenomenon. In case of the interstitial cells it is therefore likely that these 
lipoids have only been stored and have not been produced by these cells. 

Even if this should be the case, it is not clear what relation exists between 
the extensive lipoid storage and the formation of the sex hormone. For, in 
our gestyl-treated cockerels, which had a marked hormone production, lipoid 
vacuoles in the interstitial cells were practically lacking. 

Stieve’s fattening-experiments are also in favour of our opinion that the 
number of the typical lipoid cells relates to the quantity of lipoids which 
the organism can spare for storage. Therefore we are of opinion that only the 
secretory cells A and B are responsible for the endocrine function of the testis, 
an opinion especially founded on the observation that after gesty 1-injection 
the number of these cells alone runs parallel to the enlargement of the 
head appendages. 

Summarizing, we conclude that in embryos and newly hatched male 
chickens the interstitial testis-tissue has only a trophic function, which is 
amongst other things evident from the lipoids stored in special lipoid cells, 
in connective tissue cells and also intercellularly . Then, as the development of 
the head appendages becomes visible, glandular cells appear which produce 
the male sex hormone. The storage of intercellular lipoid granules still occurs 
and lipoid cells are still present at this age. We can neither confirm nor deny 
Benoit's opinion (1929) that the glandular cells develop from lipoid cells. 

During further development, i.e. in cockerels of 1-2 month?, old, the 
glandular cells increase in number and become more active, which is shown, 
e -g-> by the formation of a large vacuole in the secretory cells B. In cockerels 
older than 2 months many of these cells undergo a regression and pass over 
into lipoid cells. 

Finally the situation in the adult cock is reached : only a small percentage of 
the original secretory cells still function as such, and the others have become 
storage cells. In old cockerels and adult cocks the accumulation of lipoids 
is mainly intracellular. 

Our opinion confirms that of Benoit (1927a), according to whom a ‘secre- 
tion de luxe' of testis hormone never takes place. However, we cannot agree 
with Benoit when he accepts a ‘parenchyme de luxe' in cockerels with a testis- 
weight of more than 0*3 gm. For the tissue, which this author claims to be 
superfluous, really consists partly of cells which have had a secretory function, 
but which now possess another function, i.e. the storage of lipoids. 

7. Summary 

1. The relative volumes of the testes and their components of 31 cockerels, 
*2-200 days old, were calculated and compared with the size of their increasing 
head appendages (Text- figs. la-d , 2) ; in addition, the effect of gestyl-adminis- 
tration on testes of cockerels of this age was investigated. 

2. Several types of interstitial testis-cells could be distinguished mor- 
phologically and physiologically (Text-figs. 3-6 and PI. 1); these cell-types 
were studied with different techniques and counted separately. 



150 Slidter and van Oordt — Function of the Interstitium of the Gonads 

3. The main types of the interstitial cells are: 

(a) Lipoid cells, totally packed with lipoid globules. These cells, which are 
considered by many authors as fully developed Ley dig cells, are not 
directly connected with the production of the male sex hormone; 
perhaps they have a secondary function in this respect, as cholesterol- 
derivatives are stored in these cells (PI. 1, Text-fig. 30). 

(b) Secretory cells, characterized by the absence of lipoid vacuoles and the 
presence of numerous granular and filamentous mitochondria. These 
secretory cells, which produce the male sex hormone, can be divided 
into secretory cells A (Text-fig. 6 a) without, and secretory cells B with, 
one large vacuole (Text-figs. 6 b , 6 c, 6 d). 

4. A considerable and partly intercellular storage of lipoids may take place 
at any age in the intertubular connective tissue (Text-figs. 3-4 and PI. 1). 

5. The number of the lipoid cells depends on the nutritive conditions of 
the animal and the development of its testes (Text-fig. 7). 

6. In older cockerels most of the glandular cells lose their secretory func- 
tion and pass over into lipoid storing cells. 

7. Therefore we agree with Benoit, when he denies the occurrence of a 
‘secretion de luxe’, but we cannot accept the presence of a ‘parenchyme de 
luxe’ in the testes of older cockerels. 
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DESCRIPTION OF PLATE 

Plate i. Intertubular testis tissue of cockerels, about 50 days old. a and a 2 , after Schultz’s 
cholesterol-test; a x and c lt after Sudan Ill-staining; 6 and c, after Champy-fixation and 
Altmann-staming. a and a x X 100; a 2 x 1,500; 6, c, and c x x 1,000. Head reduced to about 






Demonstration of Lipme in the Golgi Apparatus in 
Gut Cells of Glossiphonia 

BY 

A. J. CAIN 
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With two Text-figures 

Introduction 

T HE Golgi apparatus has long been thought to consist in part at least of 
lipoids. Baker (1944) has summarized and discussed the evidence. The 
fact that it can be coloured by lipoid colorants (sudan black and sudan III) 
is a proof that a lipoid or lipoids are present in it. Baker has given very strong 
evidence, not amounting to histochemical proof, that lecithin or cephalin 
(or both) are present. The opinions of other workers on the nature of the 
lipoid contained in the Golgi apparatus are not based on reliable tests. 

The purpose of this paper is to present histochemical proof that the Golgi 
apparatus in the epithelial cells of the alimentary canal of the leech, Glossi- 
phonia complanata , contains lipine. 

In this paper, the word ‘lipoid’ is used to include fats and all other sub- 
stances that occur in plants and animals and resemble fats in solubility. The 
word lipine refers to lipoids that yield fatty acids, phosphoric acid or 
galactose, and a basic nitrogen compound. 

Material 

This study was made on the gut epithelium of the Rhynchobdellid leech 
Glossiphonia complanata (L.). This animal was originally chosen for the 
suitability of its fat-cells for work on lipines, and because it is common and 
occurs throughout the year in the adult stage. The Golgi apparatus is visible 
in the gut after formaldehyde-calcium fixation in unstained preparations 
mounted in Farrants’s medium, and is very easy to demonstrate by a variety 
of methods. It appears to have the same structure in both stomach and 
intestine, but although it is easily shown in both by sudan black, the standard 
silver and osmium techniques give good preparations far more often with the 
intestine than with the stomach. On the other hand, the acid haematein test 
rarely gives good results with the intestine, partly because of interference by 
a diffuse lipine in the cytoplasm. 


Methods 

For definitive demonstration of the Golgi apparatus, the following standard 
techniques were used : 
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Silver: Da Fano Osmium: Mann-Kopsch- 

Ramon y Cajal Weigl (Ludford) 

Aoyama 

These were supplemented by Kull’s method, after Helly fixation, for mito- 
chondria. 

For investigating composition, Baker’s acid haematein test for lipines 
(Baker, 1946) was used, and the following method for sudan black: 

(1) Fix, postchrome, wash, embed in gelatine, and cut frozen sections 
exactly as for the acid haematein test. 

(2) Leave for a few minutes in 50 and 70 per cent, alcohol. 

(3) Transfer to a saturated solution of sudan black in 70 per cent, alcohol 
for 7 minutes or longer (the exact time does not matter; see Lison, 
1936, Baker, 1944). 

(4) Pass through three lots of 50 per cent, alcohol, 30 seconds in each. 

(5) Rinse in distilled water and mount in Farrants’s medium, or counter- 
stain first if desired. One counterstained preparation is useful if the 
tissue is hot familiar. 

This method is a modification of Baker’s. It was used in preference to 
Lison’s because Dr. Baker informed me that the use of potassium dichromate 
helps to make the Golgi apparatus colourable with sudan black in certain , 
cases in which it is not shown by Lison’s technique. 

It was found that no difference could be seen between preparations made 
in this way and those fixed in formal-calcium with no postchroming, so the 
same block was used for acid haematein and sudan black. 

The method for nile blue given by Lison (1936) was used, except that 
again, as there was no difference between postchromed and not-postchromed 
sections, postchromed ones were used. Also, a variety of tissues (sections of 
Glossiphonia complanata , Lumbricus castaneus , Dendrocoelum arboreum , and 
liver, lung, and kidney of mouse) were stained in a saturated aqueous solution 
boiled with \ per cent, sulphuric acid (as advised by J. L. Smith, 1908, and 
recommended by Lison, 1935& and 1936), and compared with others stained 
in the untreated solution. Again, no difference could be seen, so the untreated 
solution was used, as it appears to keep indefinitely. In addition, the following 
method was used. 

(1) Prepare a section as for acid haematein. 

( 2 ) Stain in saturated aqueous solution of nile blue, 10 minutes. 

(3) Leave in 1 per cent, acetic acid for about 18 hours, until the Golgi 
apparatus is pale pink and the cytoplasm colourless. 

(4) Wash in distilled water, and mount in Farrants’s medium. 

Lison ( 1935 , a and b) concludes, after a very detailed study of nile blue, that 
the red coloration is due to nile red, an oxazone occurring as an impurity 
in nile blue, and that this behaves like any other lipoid-colouring agent, 
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e.g. Sudan black. It cannot distinguish between the various classes of lipoid. 
(This conclusion, as Kay and Whitehead (1937) point out, supersedes that 
given in his book (1936).) He states also that the blue dye is simply a basic 
dye, and no histochemical conclusion whatever can be drawn from its uses, 
and (1935a) that it has weak powers of metachromatic staining with ordinary 
chromotropic elements, the metachromatic colour being violet bleudtre . The 
method with prolonged differentiation given above does enable one to distin- 
guish between the metachromatic and allochromatic colorations in some 
cases. It is believed, from some unpublished work, that Lison’s conclusions 
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Text-fig. i . Parts of transverse sections of the stomach of Glossiphonia. 

are a little over-pessimistic, and that under certain well-defined conditions 
distinctions can be drawn between certain classes of lipoid ; this will be the 
subject of a separate paper. In the meanwhile, it must be emphasized that no 
more specificity is claimed for this method than that a red coloration with an 
aqueous solution of nile blue does show a lipoid. Its value here is purely 
morphological, as an adjunct to the Sudan- black method. 

These methods are further discussed below. 

Results 

(I) Description of the Golgi apparatus in the alimentary canal of Glossiphonia 
The stomach and intestine of Glossiphonia are both very distensible, and 
the shape of the epithelial cells varies greatly, so that the differences figured 
by Brumpt (1900) are not always as clear as one might wish. The surest 
distinction is the position of the lateral diverticula relative to the testes. 
Those of the stomach lie between or outside the testes, those of the intestine 
above them. 

When the alimentary canal is not distended, both epithelia may be de- 
scribed as columnar (Text-figs. 1 and 2). The nucleus, with a conspicuous 
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plasmosome, lies in the middle region of the cell. The mitochondria are massed 
at the base of the cell (most proximal part) and may occupy almost the whole 
of that region up to the nucleus, but a few are scattered in the distal area, 
chiefly away from the Golgi region, and close to the sides of the cell. The 
main mass of the Golgi apparatus, in both epithelia, lies immediately distal to 
the nucleus (that is, on the side towards the lumen of the gut), but parts may 
extend down its sides, or even surround it. 

The constituents of the Golgi apparatus, as shown in undistended epithelia 
by the standard methods, appear as numerous uncoloured globules, nearly 
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Text-fig. 2. Parts of transverse sections of the intestine of Glossiphonia . 


every one of them surrounded, at least in part and usually completely, by a 
shell of strongly osmiophil and argentophil substance. Almost all are arranged 
in lines parallel with the long sides of the cell. If the globules in one cell are 
more or less uniform in size, then that size is at the lower end of the range of 
variation seen. If they are not uniform, then usually a wide range of size is 
seen, the largest having no shell and being in the most distal part of the cell. 
The rest of the cytoplasm in osmium preparations is a general grey, usually 
rather darker in the region of the mitochondrial mass. In toned silver prepara- 
tions this area is definitely darker than the rest of the cytoplasm. There is no 
definite evidence for a diffuse osmiophil or argentophil substance specially 
concentrated in the Golgi region. 

The standard techniques usually fail to show anything in the stomach 
epithelium, but are quite reliable for the intestine. A good Da Fano stomach 
preparation was obtained, but the Mann-Kopsch technique usually failed 
completely ; and in the only good preparation obtained, the stomach was in 
the distended state, and the cells so reduced, in height that interpretation was 
very difficult. 
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(II) Composition of the parts of the Golgi apparatus 

In both epithelia, after coloration with Sudan black, the Golgi apparatus 
is seen as a crowd of black, usually nearly spherical bodies, arranged in rows 
as before ; occasionally some are apparently coalescing. There is no special 
indication of a diffuse lipoid between them. A colourless internum is not to 
be seen. 

After acid haematein, it is seen that in the stomach the Golgi apparatus is 
stained blue quite deeply, the mitochondrial mass much less so. The cyto- 
plasm is greyish from the Golgi area to the free edge, colourless or faintly 
yellowish elsewhere. The nucleus is almost colourless, except for the plas- 
mosome, which varies from brown to black. The pyridine extraction test 
gives a completely negative result (except for the nucleus and plasmosome) 
in both stomach and intestine. As before, the apparatus takes the form of 
spherules or nearly spherical bodies arranged in rows, more or less, and again, 
it is difficult to see in any a definite internum. In the intestine, an altogether 
different appearance is seen. Staining with acid haematein is by far the best 
method of distinguishing between these two parts of the alimentary canal if 
there is any doubt. Almost every intestinal cell is full of the blue stain, 
sometimes so much so that it seems black rather than blue. The plasmosome 
is again stained, more usually black than brown, and the rest of the nucleus is 
the only transparent part of the cell. It is usually pale-yellow or yellowish- 
brown. Nearly always, the whole of the intestine and its diverticula that can 
be seen in the section is stained like this (and, on a few occasions, the most 
posterior part of the posterior pair of stomachic diverticula may appear the 
same), but sometimes a cell here and there, or a small group of cells, is seen to 
be comparatively clear. In that case the mitochondrial mass is still very 
darkly stained, and there is a blue patch just inside the free border; but the 
Golgi region is almost unstained. Often spherules can be seen, but by 
refraction; a few grains are usually stained, but are very small, and extremely 
like the small mitochondria in the most distal region. Sometimes, when the 
whole cell is stained blue, small clear bodies can be seen clustered in the 
Golgi region. They resemble, quite closely, those seen in that region in 
unstained sections. 

Staining with nile blue by Lison’s method shows the Golgi apparatus in 
both stomach and intestine as spherules (or nearly spherical bodies), darker 
blue than the surrounding cytoplasm and slightly redder in tone. (As 
globules of fat in the cell, if present, are coloured red, so that confusion is 
very unlikely, this is a good, simple method for demonstrating the Golgi 
apparatus.) Their disposition in the cell is as already described. After 
prolonged differentiation, quite another picture is seen, but unfortunately a 
rather faint one. The cytoplasm is now colourless or slightly yellow, the 
nucleus a very pale blue. The spherules of the Golgi apparatus are seen as 
colourless or faintly pink globules with definitely pink shells. The internum 
can now be distinguished clearly from the externum, and it appears to be 
the latter which is coloured. Under the low powers only, a general diffuse 
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pinkness is seen in the Golgi region ; this is probably due to the colour in 
the shells of spherules that are out Of focus. 

Discussion 

Lison (1936), speaking of the use of the lipoid colorants, says: ‘La 
specificite de ces methodes est parfaite ; seuls les lipides donnent des reactions 
positives.’ Nevertheless, if a piece of paper be coloured with Sudan black by 
either Baker’s or Lison’s methods, it will be seen to retain a faint coloration. 
And the same depth of colouring will be produced on paper that has first been 
soaked in pyridine for 24 hours at 6o° C. — a procedure that, after suitable 
fixation, in Baker’s pyridine extraction control test results in removing all 
lipoid except the faintest trace of lipine in the fat cells from a piece of Glossi- 
phonia , as may easily be seen by taking a section prepared by the pyridine 
extraction test method and colouring it with sudan black, instead of staining 
with acid haematein in the regular way. With such a section, sudan IV, used 
in the same way as sudan black, gives a quite definite general pink tinge, as it 
does with paper. It seems reasonable to conclude that if a tissue is not 
coloured by the very powerful sudan black, a coloration by sudan IV does not 
show r a lipoid. The general pale-pink tinge given by sudan IV has no signifi- 
cance. It is possible, I suppose, that such a powerful colorant as sudan black 
may actually be colouring an absorbed lipoid, not removable by pyridine, on 
the paper. However, for very faint colouring by sudan black there remains 
a slight doubt, unless it disappears after pyridine extraction. As the gut cells 
of Glossiphonia are completely uncolourable by sudan black after pyridine 
extraction, the point does not arise in this case. 

The coloration of paper by sudan black was first noticed by Dr. J. F. A. 
McManus, who pointed it out to me in conversation. 

Nile blue preparations made by the method quoted by Lison show the 
Golgi apparatus quite clearly, in a darker and slightly redder blue than the 
surrounding cytoplasm. Tarao (1939) noticed that it was ‘blue with red 
tone’ in the liver cell of the mouse. The result with prolonged differentiation 
makes it clear that this is principally, if not entirely, a case of allochromasy, 
not metachromasy ; but this method is chiefly valuable for showing that the 
lipoid substance is greatly concentrated in, or confined to, the shell or 
externum. This makes it very probable that the only reason why the inter- 
num was not visible in the sudan black preparations was that the shell was so 
stronglv coloured as to be opaque. That at least the principal lipoid in the 
Golgi apparatus of the stomach cells is lipine is shown by the positive result 
with Baker’s test. It is suggested, therefore, that the Golgi apparatus in the 
stomach is composed of rows of (comparatively) fat-free globules with lipoid 
shells containing lipine. 

In the intestine, as exactly the same picture is obtained with sudan black 
and the standard techniques, the structure appears to be the same as in the 
stomach, but with this important difference, that where the Golgi apparatus is 
visible after acid haematein, it is seen to contain little or no lipine as shown by 
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that test. That it contains much the same amount of lipoid as the stomach 
Golgi is seen from the Sudan black preparations; and as the largest globules, 
nearest the free border, are not osmiophil or argentophil, it seems likely 
again that the opacity of the spherules with sudan black is due to intensity of 
coloration, as in the stomach. It is worth noting that the amount of lipine in 
the rest of the cell seems to vary inversely with that in the Golgi, there being 
very little in the stomach cells, and usually a great deal in the intestine. 
Nevertheless, the bulk of mitochondrial substance appears to be much the 
same in both. As lipine appears to be particularly plentiful in the actively 
metabolizing nephridial cells (where it is confined to the very long and 
numerous mitochondria), and in the fat-cells, where it occurs throughout 
the cytoplasm, it might be suggested that the abundance of lipine in the 
intestinal cells is correlated with the active role of the intestine as the food- 
absorbing region (see Brumpt, 1900). 
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Summary 

(1) The standard silver and osmium techniques show a typical Golgi 
apparatus in the epithelial cells of the stomach and intestine of the leech, 
Glossiphonia complanata. 

(2) Histochemical studies reveal the presence of lipoids in the Golgi 
region of these cells. In the stomach, part, at least, is lipine. (In the intestinal 
cells, the rest of the cytoplasm contains much lipine, but the Golgi apparatus 
little or none that can be shown by the method used.) 

(3) The Golgi apparatus in these cells appears to consist of rows of non- 
lipoidal spheres, each with a lipoid coat. In the stomach, this coat contains 
lipine. 
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Note on the Cytological Localization of Alkalin e 
Phosphatase 

BY 

JOAN LORCH 

( From the Department of Physiology , Middlesex Hospital Medical School) 

I N comparing various techniques for the microchemical demonstration of 
alkaline phosphatase it was observed that with the method of Menten, 
Junge, and Green (1944) nuclear phosphatase cannot be demonstrated in 
epithelial cells, whereas with the Gomori-Takamatsu (1939) technique both 
nuclear and cytoplasmic elements (e.g. brush borders and the Golgi zone) of 
suitable organs show the presence of the enzyme. The substrate in the method 
of Menten, Junge, and Green is Ca a- or / 3 -naphthylphosphate in the presence 
of a-naphthyl-diazonium hydroxide. In the Gomori technique the substrate 
is sodium-^-glycerophosphate. The failure of nuclear phosphatase to be 
demonstrated by the first method might be caused by : 

I. Failure of nuclear phosphatase to act on Ca a-naphthylphosphate. 

II. Inactivity of nuclear phosphatase at the low temperature (io°) at 
which the diazo mixture has to be kept. 

III. Irreversible inactivation by one of the constituents of the diazo mix- 
ture or 

IV. Inhibition by their presence during incubation. 

\ . Failure of the diazo method to detect the relatively low concentrations 
of phosphatase in the nuclei. 

To ascertain which of the above postulates is correct the following experi- 
ments were performed: Paraffin sections of guinea-pig small intestine and 
rat kidney fixed in 80 per cent, alcohol were placed in the substrate of Menten, 
Junge, and Green at io° C. for 4 hours. 

This mixture tends to lose its activity, by-products being precipitated, and 
was therefore renewed after 2 hours. Other slides were incubated in Gomori’s 
substrate at the same temperature. All media were at pH 8-5 and contained 
o*2 per cent. MgCl 2 . 

The sections incubated in the diazo mixture showed a heavy deposit of dye 
in the free border of the intestinal epithelium and of the convoluted tubules 
of the kidney cortex, the nuclei being negative. The Gomori slides showed 
blackening of the nucleoli and the nuclear membrane as well as of cytoplasmic 
elements. Thus nuclear phosphatase does act on glycerophosphate at io° C., 
and postulate II does not apply. 
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One of the slides was now transferred from the diazo to the Gomori sub- 
strate at the same temperature and incubated for 4 hours. The same degree 
of blackening of the nuclei was produced as in the sections not given a prior 
incubation in Menten, Junge, and Green’s medium, showing that the activity 
of nuclear phosphatase is unimpaired by previous contact with the diazo 
mixture (III). 

To investigate cause IV experiments were done to see whether a-naphthyl- 
diazonium hydroxide (a) or Ca a-naphthylphosphate ( b ) inhibit the hydrolysis 
of glycerophosphate ( c ) and whether glycerophosphate inhibits the hydrolysis 
of Ca a-naphthylphosphate. It was found that (a) inhibits hydrolysis of (r)and 
(c) inhibits hydrolysis of ( b ) as indicated by the lack of formation of precipi- 
tates in the sections. It must be noted that cytoplasmic as well as nuclear 
elements failed to blacken. But this lack of precipitation does not necessarily 
signify, in this instance, failure to hydrolyse: it may only indicate that the 
products of hydrolysis are not precipitated under these conditions. 

It has been shown that phosphatase in the striated border of kidney tubules is 
more easily destroyed by heat than nuclear phosphatase (Danielli and Catche- 
side, 1945). There is thus considerable evidence that nuclear and extranuclear 
phosphatase behave as different enzymes in the given epithelia. Moreover, 
Dempsey and Deane (1946) have demonstrated cytochemically that a number of 
phosphatases acting on different substrates coexist in the duodenal epithelium. 

The above results are in contradiction to Menten, Junge, and Green’s 
(1944) statement that the distribution of alkaline phosphatase in the kidney 
appears to be the same whether their method or that of Gomori be used. 

However, the fact that polymorph nuclei in glomerular capillaries of guinea- 
pig kidney sections show deposits of azo-dye is in favour of postulate V, viz. 
that there might be insufficient nuclear phosphatase in the epithelial cells 
examined. Danielli (1946) in a critical study of histochemical methods relating 
to phosphatase suggests that the diazo technique might be inferior to the 
Gomori method in revealing sites of low phosphatase activity. To investigate 
this further, sections known to be very rich in nuclear phosphatase (as 
judged by a heavy deposit after short periods of incubation with Gomori’s 
substrate) were treated by the diazo method. The following tissues were 
chosen: epiphyses of long bones of growing mice and the costo-chondral 
junctions of rat ribs (decalcified by my method [Lorch 1946]), calcifying 
cartilage of dogfish embryos, and kidneys of various fish known to contain 
much nuclear phosphatase in the interstitial cells. In all tissues examined 
some of the nuclei were positive. 


Summary 

It is concluded that there is no definite proof that nuclear phosphatase as 
such is qualitatively different from extra-nuclear phosphatase, but that the 
method of Menten, Junge, and Green is not capable of revealing sites of low 
concentration of phosphatase in which respect it is markedly inferior to the 
Gomori-Takamatsu technique. 



Joan Lorch — Localization of Alkaline Phosphatase 161 

REFERENCES 

Danielli, J. F., and Catcheside, D. G., 1945. Nature, 156, 294. 

1946. J. exp. Biol., 22, no. 

Dempsey, E. W., and Deane, H. W., 1946. J. cell. comp. Physiol., 27, 159. 

Gomori, G., 1939. Proc. Soc. Exp. Biol. Med., 42, 23. 

Lorch, I. J., 1946. Nature, 158, 269. 

Menten, M. L., Junge, J., and Green, M. H., 1944. J. biol. Chem., 153, 471 ( a ). 

1944. Proc. Soc. Exp. Biol. Med., 57, 82 ( b ). 

Takamatsu, H., 1939. Tr. Soc. Path. Jap., 29, 492. 




The Use of Cajuput Oil in Microscopy 

BY 

S. L. BRUG 

( Instituut t'oor Tropische Hygiine, Amsterdam) 


D URING the world war 1914-18 our stock of xylene (xylol) in Java ran 
low; moreover, the small quantity that was left changed into a thick syrupy 
fluid which was useless as a medium for mounting water-fixed preparations 
in balsam. Chemists told us that the xylene had polymerized. In text-books 
of microscopical technique cedar-wood oil is recommended as a substitute for 
xylene in some cases. However, this oil was still scarcer in Java than xylene ; 
therefore we resolved to try another ethereal oil, namely, cajuput oil. Of this 
oil, a product of the Malay Archipelago, unlimited quantities were available. 
It soon proved to be not only a good substitute for xylene, but in some cases 
superior to it. 

Cajuput or cajaputih oil is obtained by distillation from the leaves of 
Melaleuca leucadendron L. {Melaleuca cajuputi Roxb.). ‘Cajaputih’ is 
apparently a misnomer for the Malay kaju putih , i.e. white wood. The oil is 
manufactured in the island of Burn (Moluccas) and, to a less extent, in the 
western part of the neighbouring island of Ceram. The oil on the market is 
green, owing to a small admixture of copper salts derived from the distillation 
apparatus. Oil containing no copper is pale brown. In the Far East, particu- 
larly in the Malay Archipelago, it is a very popular medicine for almost any 
ailment. As a rule it is applied externally for massage, but a few drops may be 
swallowed in cases of abdominal complaints. Being accustomed to it, the 
patients ask for the green oil ; the brown is not popular, and so only the green 
oil containing copper can be had on the market. According to Lee and Mayer 
(1898) and to Ehrlich (1910) cajuput oil is recommended by Carnoy and 
Lebrun and by Nissl as an intermedium before imbedding in colophonium. 

A real advantage of cajuput oil over xylene is its ability to absorb small 
quantities of water. If films or sections are passed from alcohol to balsam via 
xylene, the alcohol must be nearly free of water ; otherwise water is deposited 
in the preparation and renders it cloudy. Now in the moist and warm 
climate of Java it is very difficult to keep alcohol water-free, even with burnt 
copper sulphate on the bottom of the container. On the other hand, slides 
may be transferred from alcohol, containing a small amount of water, to 
cajuput oil and afterwards to balsam without getting turbid. 

The capacity of cajuput oil to absorb small quantities of water proved to be 
useful especially in mounting wet-fixed, Giemsa- (or Leishman-) stained 
preparations. It is usually recommended to pass such slides successively 
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through: (1) acetone 95 p., xylene 5 p.; (2) acetone 70 p., xylene 30 p.; (3) 
acetone 30 p., xylene 70 p. ; and (4) pure xylene. Slides ought to remain for a 
very short time only in the fluids containing acetone as otherwise the prepara- 
tions are decolorized. Sometimes too much stain is extracted before complete 
dehydration. If cajuput oil is used the slides may be passed into the oil after 
a very short stay in acetone (say, one second) ; after which they may remain many 
minutes in the oil for complete dehydration without becoming decolorized. 
The degree of decolorization of overstained films can be watched easily by 
mounting them in cajuput oil under a cover-glass; if insufficiently decolorized 
they may be passed at once for one or more seconds to acetone. 

Another advantage of cajuput oil over xylene I experienced when mount- 
ing chitinous structures, mainly hypopygia of Culicids, in balsam. Not only 
is turbidity by deposit of water avoided, but also the oil does not render the 
chitin brittle. This is important, because the position and the arrangement of 
the parts of the hypopygium will often have to be corrected with a dissecting 
needle after it has been transferred to a drop of balsam. Xylene-treated 
chitin is very brittle ; even a slight touch may damage it. This will not happen 
if xylene is substituted by cajuput oil. For the same reason the oil may serve 
as an intermedium between alcohol and paraffin in imbedding chitinous 
structures in the latter. Moreover, in this case it has the advantage of being 
more volatile than, e.g., cedar- wood oil. Therefore it is more easily eliminated 
from the paraffin by heating. Paraffin sections still containing a trace of cedar- 
wood oil will expand greatly when flattened on water. 

It is quite possible that in the above-mentioned cases other ethereal oils 
are as good as cajuput oil. At any rate the latter is one of the least, if not the 
least, expensive. Before the last war the price of 1 litre (1 *76 pints) in Amster- 
dam was fl. 1*70 (i.e. about 35. 6 d.). 

Summary 

Cajuput oil has some advantages over xylene for mounting preparations 
in balsam. Cajuput oil can hold some water without getting turbid; it does 
not render chitinous structures brittle ; and it can be used with advantage in 
the mounting of wet-fixed, Giemsa-stained slides. 
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The Development and Affinities of the Pauropoda, based 
on a Study of Pauropus silvaticus 

BY 

O. W. TIEGS, F.R.S. 

{Zoology Department , University of Melbourne) 

PART I 

With 9 Plates and 22 Text-figures 

{Editorial Note . — A few references are made in Part I to figures that will be published in 
Part II. The list of references will be published at the end of Part II.) 
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Introductory 

I N the Pauropoda we have a group of very small and obscure myriapods in 
whose morphology, there is reason to suspect, some unusually primitive 
features are revealed. Their development may therefore be expected to throw 
light on some major problems connected with the evolution of the Myriapoda 
and their derivatives, the insects, and it is mainly with this end in view that 
the present work has been undertaken. 

The gross anatomy of the adult animal is now fairly well known, having, 
since Lubbock’s original work of 1868, been investigated by Schmidt (1895), 
Kenyon (1895), and Silvestri (1902). But there are many features of their 
structure, notably the all-important character of the mouth-appendages, upon 
which we are quite inadequately informed, but on which the assessment of 
affinities in large measure depends. In the following account, therefore, I 
have often found it necessary to prefix the embryological description of various 
organs with a brief, or at times even lengthy, statement on their adult mor- 
phology. 

Accounts hitherto given of the development of Pauropus consist almost 
exclusively of a description of the external characters of various larval phases. 
The anamorphosis was discovered by Lubbock. Later writers — Latzel, 
Silvestri, Harrison, and others — have described more fully the individual lar- 
vae, though without adding much of significance to Lubbock’s account. The 
eggs were discovered by Ryder as long ago as 1879. Harrison (1914) collected 
a large series of eggs of the Australian Pauropus amicus , but recorded nothing 
of their deyelopment beyond the fact that they appeared to undergo total 
cleavage. He made, however, the important observation that the young Pau- 
ropus left the egg, not as a larva, but as a motionless embryo, enclosed in an 
embryonic cuticle ‘covered with long, tapering, cylindrical hair-like out- 
growths’ ; and it is clear from his account that he had before him the ‘pupoid’ 
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phase. Beyond this, no observations on the development of Pauropus seem 
to have been recorded. 


Bionomics and Life-History 

Pauropus silvaticus inhabits the heavily timbered mountainous rain-forest 
country of Victoria. A taxonomic description of this species has been given 
in an earlier paper (Tiegs, 1943). It is a small, agile creature, and even when 
fully grown rarely exceeds 1*1 mm. in length. The animals may be found by 
turning over rotting logs, or by scraping away the leaves on the forest floor. 
But they also enter rotting timber, choosing by preference decaying trunks of 
tree-ferns ( Alsophila , Dicksonia) y and here they are sometimes present in 
great abundance. They favour damp localities, avoiding both dry and exces- 
sively wet places. 

The associated microfauna comprises various species of Symphyla, Col- 
lembola, pseudoscorpions, mites, and small insect larvae; but from all these 
they are readily distinguished, even to the unaided eye, by their active mouse- 
like movements. 

They are light-shy creatures, and, if dropped in an exposed place, commonly 
feign death. From the agility of their movements Latzel (1884) suspected that 
they were probably predaceous. Pauropus silvaticus I have, however, kept and 
bred in captivity for months in receptacles containing only fragments of decay- 
ing tree-fern; nor have I ever seen them, in the field, devouring the remains 
of other small creatures, though the reverse is sometimes the case, carnivorous 
mites and pseudoscorpions frequently taking toll of the larvae and even of the 
adults. 

Oviposition takes place in early and middle summer, the eggs being laid 
singly in secluded clefts in the decaying vegetation in which the animals live. 
They are minute and spherical, measuring usually about o*i 1 mm. in diameter, 
and under a hand-lens appear a smooth pearly white. In another species 
(Pauropus amicus) Harrison (1914) found that the eggs were laid in clumps, 
over which the female then mounted guard; P. silvaticus does not, how- 
ever, display this maternal instinct, nor are the eggs ever laid other than 
singly. 

Development within the egg occupies a minimum of 12-13 days; already 
on the tenth day a wide rent has appeared in the chorion, but it is not till 3 
days later that the ‘pupoid’ phase is entered upon. The ‘pupa’ is still a quie- 
scent stage, and in this condition the young animal remains for about 3 or 4 
days longer. Eventually its cuticle splits along the mid-dorsal surface, and 
the larva emerges. 

The first instar larva is a minute white creature, measuring not more than 
0-25 mm. in length at the time of emergence. As Lubbock first observed, it 
presents already the main characters of the adult animal, but has only three 
pairs of legs. Moving at first sluggishly, it gains both in size and in strength, 
and soon acquires the agility of the adult. After about 3 weeks it moults, and 
discloses the second instar larva. 


N 
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The latter, at the time of its first appearance, measures about 0-3 mm. in 
length; it possesses five pairs of legs (there is no larva with four pairs). The 
second larval stadium has a duration of about 4 weeks. 

The third instar larva, which measures, at the time of its first appearance, 
about 0-5 mm. in length, has six pairs of legs. The duration of this stadium is 
about four weeks. 

Two additional pairs of legs develop during the third larval stadium, the 
fourth instar larva having therefore eight pairs of legs. It measures 07- 
0-8 mm. in length; the duration of the stadium is about three weeks. At the 
end of this period the larva again moults, and so the adult stage with nine pairs 
of legs is attained. I have examined large numbers of exuviae collected from 
decaying wood in which the animals were abundant, but have failed to find 
any with more than eight pairs of legs; it would seem, then, that moulting 
ceases after the full complement of legs has developed. 

The longevity of the animals is unknown; I have had some in captivity for 

nearly a year. 

The duration of the larval period, viz. about 14 weeks, is much less than 
might have been expected from the statement of Lubbock that a first instar 
larva of P. huxleyi, kept in captivity by him for 6 weeks up to its death, failed 
to moult. My own observations have been made on only a few larvae in cap- 
tivity. The duration assigned to the successive instars is approximate only; 
for the larvae are apt to disappear for days into clefts in the rotting timber 
where it is not possible to follow them without risk of crushing their exces- 
sively fragile bodies. 

Methods 

Owing to their unfortunate habit of laying their minute eggs singly in 
hidden clefts in the rotting timber in which they live, the collecting of an 
adequate supply of eggs is a very laborious task. About 200 eggs were 
obtained by carefully searching through infected logs brought into the labor- 
atory but I have also kept many animals in captivity, and from these have 
obtained a large supply of eggs. From the latter some approximately timed 
stages have been obtained; when ages are assigned in the text to particular 
embryos, they refer, in all cases, to laboratory-laid eggs at a temperature of 
in°— 20 ° C. 

For fixing the eggs and pupae I have used Carl’s fluid (acetic acid 2 parts, 
formalin 6 parts, alcohol 1 5 parts, water 30 parts). This fixative does not col- 
lapse the eggs, as does the more anhydrous Camoy’s fluid; it penetrates 
rapidly through the egg-membranes, which it is not necessary to puncture, 
about- 15 minutes usually sufficing for fixation, after which the material is 
stored in 70 per cent, alcohol. Although the fixation is generally very good, 
it has the defect that it sometimes causes shrinkage of the already minute 
embryo. For larvae and adults this fixative is inadequate, since they are not 
wetted by it; Carnoy’s fluid, on the other hand, gives excellent fixation, with- 
out the distortion that it produces in eggs. 
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As a stain for whole embryos and larvae I have used Auerbach’s methyl 
green-acid fuchsin mixture. To admit the stain the egg-membranes or chitin 
of the larva are first punctured with a very finely ground needle. It is not 
necessary to unsheath the eggs for examination, for, after clearing, the embryo 
is visible in all detail through the delicate chorion. 

Sections have, in all cases, been cut from celloidin-paraffin double-embedded 
material ; for staining the sections I have used iron haematoxylin. 

Observations on Embryonic Development 
1. The Egg ( Structure , Oogenesis , and Fertilization) 

The egg is spherical and minute, measuring rarely more than o*n mm. in 
diameter, while at times eggs as small as 0*09 mm. are met with. The chorion 
is soft, and is covered with a multitude of minute spines, amongst which there 
is a single spine of much greater size (Text-fig. 1). In the great majority of 
eggs in which an embryo is present, this enlarged spine accurately marks the 
anterior pole of the egg; yet I have a few eggs in which this relation is quite 
clearly not observed. 

The interior of the egg is occupied by yolk, the separate grains of which are 
supported within a fine framework of cytoplasm. A periplasm is not present, 
nor is there a vitelline membrane. 

I am able to give only a meagre account of the meiosis, for I have had the 
usual difficulty of obtaining a sufficiently complete series of very early eggs. 
Such early stages as I have obtained were mostly got by frequent search in a 
receptacle into which some 80 adult animals had been placed. They lay, how- 
ever, only at long intervals, and, moreover, only in the dark. 

During the period of yolk-accumulation, and, indeed, up to a little before 
laying of the egg, the nucleus is in the germinal vesicle condition (fig. 2, PI. 1). 
It measures about 25 fx in diameter, displays several clumps of deeply chro- 
matic substance, and a rather diffuse, weakly staining coagulum, within which 
only very doubtful indications of chromosomes are visible. 

Shortly before the egg is laid the germinal vesicle gives way to a very charac- 
teristic phase, of which I have many examples, and which is shown in figs. 3 
and 4, PL 1. The chromosomes have reappeared, and indeed with great clear- 
ness. They occur as ‘tetrads’, and of these there are thirteen. The diploid 
chromosome number is therefore twenty-six. They are not scattered at ran- 
dom, but lie uniformly in one plane. This is well seen in fig. 4, PI. 1, which 
shows six of the thirteen bivalent chromosomes. Fig. 3 shows them in polar 
view. In favourable preparations spindle-fibres are faintly visible (fig. 4, 
PL 1). It is the metaphase of the first meiotic division. 

I have no stage between this and the germinal vesicle. Presumably it has 
arisen by disruption of the latter, and the reappearance of the chromosomes 
within a central accumulation of cytoplasm; for neither in texture, nor in its 
further history, is the spherical body within which the chromosomes are 
lodged suggestive of nuclear material. 



170 Tiegs — The Development and Affinities of the Pauropoda 

In the youngest-laid egg which I have obtained (it is probably not more than 
a few minutes old) this mass of cytoplasm has moved to the margin of the 
egg (fig. 5, PI. i), and within it the ensuing meiosis takes place. The chromo- 
somes still lie, as tetrads, in one plane, but have begun to shrink a little. A 
reduction division now ensues, the chromosomes having shrunk still further 
into almost spherical masses. The anaphase of the reduction division is shown 
in fig. 6, PI. i ; the division-plane, it will be observed, is not tangential, as 
usual, but radial. A polar view of this phase is seen in fig. 7, PI. 1, and clearly 
shows the reduction in chromosome number. 

Owing to lack of material I am unable to describe the process of second 
polar body formation. The polar body itself, however, and also the first, are 
clearly distinguishable up to about the time the male and female pro-nuclei 
have fused. Fig. 8, PI. 1 shows them in a section that grazes the surface of 
the egg, and they are also indicated, in part, in figs. 9, 10, PI. 1. From fig. 8, 
PI. 1 it is evident that neither in the first nor in the second polar body do the 
chromosomes reassemble into a resting nucleus, and they do not even be- 
come enveloped in a nuclear membrane. The cytoplasm of the two is only 
very incompletely constricted, and, moreover, in neither polar body does it 
separate from the egg, but remains within its surface layer. The first polar 
body does not undergo further division. 

Degeneration of the polar bodies usually sets in very early. In some eggs, 
even at the first cleavage, they can no longer be seen; yet in other cases they 
survive to the time when as many as eleven nuclei have appeared (figs. 40, 41, 

PI. 4). 

Fig. 9, PI. 1 shows a section of an egg, of unknown age, in which the fully 
formed male and female pro-nuclei are for the first time distinguishable. The 
pro-nuclei lie within a central aggregation of cytoplasm, and within each the 
chromosomes are visible as delicate threads. The smaller of the two is prob- 
ably the female nucleus, since it is nearer the polar body. I have not been able 
to recognize the sperm-head in any egg, and only very doubtful indication of a 
male pro-nucleus earlier than that just described. 

The two pro-nuclei soon fuse to form the zygote nucleus (fig. 10, PI. 1). 
The latter is a typical resting nucleus, within which chromosomes are not 
visible, the chromatin being concentrated partly within a smalj nucleolus, but 
otherwise scattered evenly in small grains throughout the nucleus. 

2, Segmentation of the Egg , and Formation of the Gastrula 

The large zygote nucleus now divides into a pair of cleavage-nuclei, 
which separate from one another, and move into opposite halves of the 
egg. Between the nuclei the remains of the spindle may persist for a time 
within the yolk (fig. 38, PI. 4). In some eggs the cytoplasm which invests 
these nuclei is abundant, in others it is present in small amount only. 
From the delicate cytoplasmic reticulum in the interior of the egg a thin 
partition then forms, dividing the egg into its first two blastomeres, and 
these are roughly equal in size (fig. 11, PI. 1). The groove demarcating 
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the blastomeres externally varies from one that is scarcely noticeable to a 
pronounced fissure. 

I have only a single egg at the succeeding 4-cell stage (fig. 12, PI. 1). In 
this particular egg the second cleavage has not been a complete equatorial 
cleavage, but the first two blastomeres have divided independently in planes 
at a right angle to one another and to the first cleavage plane. Whether the 
4-cell stage is always arrived at in this way is, however, uncertain. A section 
through this egg is shown in fig. 39, PI. 4. 

I have not been able to recognize any further plan in the cleavage ; for it is 
impossible to determine completely the orientation of the egg, and, moreover, 
partitions between the blastomeres may themselves be difficult at times to 
recognize. Cleavage, from now on, is markedly unsynchronized, both in 
respect to the incidence of nuclear division, and to the formation of cell- 
partitions. I have, for example, one egg in which, though there are eight 
nuclei present, only six blastomeres, of unequal size, have become demarcated; 
in another egg, with eleven nuclei, seven are undergoing division and the other 
four are resting. 

Some eggs in successive stages of cleavage are shown in figs. 13-17, PI. 1, 
and figs. 40-3, PI. 4. Fig. 13, PI. 1 depicts a 6-blastomere egg. An 8-blasto- 
mere egg is shown in fig. 14, PI. 1, and a section through this egg in fig. 40, 
PI. 4; the section shows, in the middle of the egg, the beginning of a segmenta- 
tion cavity, where the innermost ends of the blastomeres have separated a 
little from one another. Fig. 41, PI. 4 represents a section through an egg 
in which eleven nuclei are now present, of which some, but not all, are in 
mitosis ; it will be noted that the plane of cleavage is radial, the spindle-axes 
lying tangentially. In this egg the segmentation cavity has not yet appeared. 
A more advanced egg, with 16 nuclei, but still only 11 blastomeres, is shown 
in fig. 15, PI. 1. An egg with about 24 blastomeres is shown in fig. 16, PI. 1, 
and a section through this egg in fig. 42, PI. 4; the blastomeres are now typical 
‘yolk-pyramids’, with the nuclei located in a clump of cytoplasm near the 
periphery, but still separated from the surface of the egg by several yolk-grains. 
There is now a conspicuous segmentation cavity. This simple cleavage, with 
the formation of ‘yolk-pyramids’ alone, ends at about the 40-5 -cell stage. 
An egg at this phase of development (late blastula) is shown in fig. 17, PI. 1, 
and a section through it in fig. 43, PI. 4. The ‘yolk-pyramids’ have now grown 
narrower, and the segmentation cavity is even larger than in the foregoing egg. 
The nuclei are almost at the surface of the egg, with usually only a single layer 
of yolk-grains intervening. 

By the time the number of cells has doubled, i.e. at about the 80-cell stage, 
a noteworthy change has taken place in the segmenting egg. An entire egg at 
this stage is shown in fig. 18, PI. 1 ; a section through it in fig. 45, PI. 4. The 
former segmentation cavity is now occupied by a clump of yolk, within which 
one or at most two large pale nuclei can be seen. As its further development 
shows, the central clump constitutes the endoderm; it is still very deficient in 
cytoplasm, and is recognizable as a distinct cell only by its large nucleus or 
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nuclei. The nuclei of the ‘yolk-pyramids’ have now mostly moved into the 
surface cytoplasm of the egg, and are flattened and much diminished in size. 
With the obliteration of the segmentation cavity a peripheral zone of large 
vacuoles appears in the yolk, and remains, for a time, a very conspicuous 
feature of the egg. 

It is probable that the endoderm has arisen by the tangential, instead of 
radial, division of one or two ‘yolk-pyramids’. I have not been able to observe 
the actual mitosis. I have, however, one egg in which the endoderm is seen in 
process of formation (fig. 44, PI. 4) ; there are present 75 yolk-pyramids, each 
with its small nucleus located in the peripheral cytoplasm : the endoderm cell 
has partially obliterated the segmentation cavity and its outline is only vaguely 
defined, but its nucleus, already large, still lies towards the periphery of the egg. 
Whether the second endodermal nucleus arises in a similar way, or by division 
of the first, I have not been able to determine ; the latter is probably the case, 
for the two nuclei are always found very close together. 

There seems to be justification for regarding the stage, which is thus arrived 
at, as a gastrula (see further, section 5). This gastrula endures until about ' 
160-200 cells have appeared in the outer layer. A drawing of the mature 
gastrula is shown in fig. 19, PI. 1 , a section through it in fig. 46, PI. 4. In entire 
stained embryos the nuclei, further diminished in size, are now seen in great 
profusion at the surface, where yolk-grains are also still visible. The nuclei 
appear rather more crowded toward the future ventral pole of the egg. The 
peripheral cytoplasm within which they lie has begun to increase in con- 
centration and thickness. Each nucleus, although lodged within the outer 
cytoplasm, is still the nucleus of a ‘yolk-pyramid’. The latter cells have 
now acquired an almost columnar form, and their walls are becoming faint 
and difficult to distinguish, being quite imperceptible in surface views of 
whole eggs. In the central endoderm still not more than two large nuclei 
are present. 

3. Passage from the Gastrula to the Blastoderm Phase 

This takes place during the third day. At the periphery the cytoplasm con- 
tinues to increase in quantity, and in some eggs, but not in all, attains even a 
considerable thickness. Within this peripheral cytoplasm the cleavage nuclei 
are almost all contained ; the only exceptions are the nuclei of the central clump 
of endoderm and, in some eggs, a few enlarged nuclei of the ‘dorsal organ’ 
(see section 14 (vii)). Amongst the peripheral nuclei irregularly scattered 
mitoses are abundant. 

The most noteworthy change in the interior of the egg i$ the breakdown of 
the partitions which have hitherto separated the ‘yolk-pyramids’, and there- 
with the yolk reverts to its originally unsegmented state. The wall which 
invests the central clump of endoderm can, however, often still be seen. 
Total cleavage of the egg thus gives way to a cleavage confined to the layer of 
surface cytoplasm. In good preparations cell-boundaries are easily dis- 
tinguishable in this peripheral cytoplasm ; but it is to be noted that there are no 
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cell-walls delimiting the latter from the intravitelline reticulum of protoplasm. 
The blastoderm, which thus develops, soon secretes a cuticle on its surface. 
This blastodermic cuticle is a very thin and perfectly smooth membrane, 
without any surface-sculpture. Unlike the chorion, it resists boiling with 
caustic soda. 

A section through an early and still very thin-walled blastoderm is shown 
in fig. 47, PI. 4; sagittal sections through two more advanced blastoderms in 
figs. 48, 49, PI. 4. The appearance of the entire blastoderm is shown in fig. 20, 
PI. 2. The surface aggregation of nuclei is evidently much more marked than 
in the gastrula, and the yolk has completely disappeared from the surface of 
the egg. The great change that has taken place in the surface epithelium will 
be seen by comparing figs. 50 and 51, PL 5, these drawings having been made 
from a mature gastrula and a mature blastoderm respectively, at identical 
magnification, and representing fragments of sections grazing along the surface 
of the egg. As the sections in figs. 47, 48, 49, PI. 4, show, the internal wall of 
the blastoderm presents a very ragged appearance, for even in advanced blasto- 
derms there are still no cell-walls delimiting it from the internal protoplasmic 
reticulum. 

In actual appearance there is much variation between individual blasto- 
derms. In some the epithelium remains quite thin, in others it becomes sur- 
prisingly thick. There is also frequently seen, even in young blastoderms, 
a precocious distinction into a thinner dorsal and a thicker ventral half; yet 
other, even mature, blastoderms may be of uniform thickness throughout. 
Eventually, however, in all cases a ventral thickening develops, in prepara- 
tion for the impending formation of the germ-band. 

In the central clump of endoderm there are still present not more than two 
nuclei; the cytoplasm has, however, begun to increase in quantity. 

4. Differentiation of the Germ-band from the Blastoderm , and the Formation of 

the Yolk-cells and Mesoderm 

By the fifth day the ventral thickening and attendant dorsal thinning-out 
of the blastoderm, referred to in the preceding section, have become much 
accentuated. Out of the lower thickened half the germ-band will develop; 
the dorsal thinner half will become the provisional body-wall. In whole pre- 
parations the two regions of the blastoderm are easily distinguishable, not 
only by differences in thickness, but by differences in spacing of nuclei, which 
are much sparser over the thin- walled half (fig. 21, PI. 2). 

Sections of the egg at this stage of development show the yolk-cells and 
mesoderm in process of formation. Already in late blastoderms isolated cells 
have separated from the epithelium, and are in process of invading the yolk 
(figs. 48, 49, PI. 4) ; they soon become distinguishable by their large clear 
nuclei, with conspicuous nucleoli, and in this respect resemble the future 
yolk-cells, of which they are the forerunners, and out of which the fat-body 
will later develop. In blastoderms with ventral thickening these cells have 
increased in number, and a few may even be encountered deep in the yolk. 
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These ‘yolk-cells* are not delimited by cell-walls, but are part of the intravitel- 
line protoplasmic reticulum. The cells of the blastoderm, on the other hand, 
have now become sharply demarcated by cell- walls from this reticulum, only 
the few cells from which the ‘dorsal organ* {see section 14 (vii)) will develop, 
remaining in continuity with it. The ‘yolk-cells* arise at random from any 
part of the blastoderm; the mesoderm forms only from its ventral thickened 
half, and it is to this process of mesoderm formation, quite as much as to the 
local aggregation of blastoderm-cells, that ventral thickening is due. 

Mesoderm formation does not, however, take place uniformly over the 
entire thickened ventral half, but is restricted to an area that corresponds 
roughly to the limits of the future germ-band ; we find therefore, in sections 
that are taken ‘horizontally* across the region of thickening (fig. 52, PI. 5), 
that there is, on each side, a strip of intervening blastoderm where there is no 
mesoderm formation. In external views of whole embryos this zone without 
mesoderm is not distinguishable. 

Where mesoderm formation is in progress, the cell-nuclei are piled several 
deep in the blastoderm (fig. 52, PI. 5). Individual cells now separate from the 
latter, and gradually form into an irregular and broken layer of cells which 
remain adherent to the outer layer (fig. 53, PI. 5). These mesoderm cells 
are readily distinguishable from the yolk-cells by their smaller and darker 
nuclei. 

While the mesoderm is still in process of forming, the thickened epithelium 
on the lower half of the egg begins to acquire the contour of the germ-band. 
This is brought about by the lateral encroachment of the provisional body- 
wall on to the lower half of the egg, by thinning out of the mesoderm-free 
area; at the same time the zone of thickened epithelium spreads farther up 
over the anterior and posterior poles towards the mid-dorsal surface. A whole 
embryo at this stage of development is shown in fig. 22, PI. 2, a sagittal section 
along it in fig. 54, PI. 5. In this embryo stomodaeum formation is in progress. 
The stomodaeum is a small conical ingrowth of ectoderm, not yet showing a 
lumen, and therefore not visible in whole preparations. The yolk-cells are 
now scattered through the yolk. The mesoderm extends along most of the 
germ-band, and partially encircles the stomodaeum. Behind the latter it is 
heaped up, and this local accumulation of mesoderm is the source of the future 
pre-oral mesoderm. Farther to the rear the mesoderm forms a layer of irregu- 
larly scattered cells, with small cell-aggregations particularly along the lateral 
margins of the germ-band where the future somites will form. 

The description of the mesoderm is continued in section 7. 

5. Gastrulation and the Formation of Germ-layers in Myriapods and Insects 

In the early development of myriapods and insects we are confronted 
with a type of ontogeny whose meaning has been the subject of much 
speculation. What is the significance of the blastoderm ? Is there a gastrula ? 
Does development proceed in conformity with germ-layer principles? 
Pauropus shares with other myriapods and with insects some of the features 
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of their specialized development; but the presence of a thinly veiled gastrula 
is unexpected. Its existence offers new scope for discussing the above 
questions. 

In all species of Peripatus whose development has been examined, a gastrula 
can be recognized. In P. capensis it is an epibolic gastrula, in which both 
archenteron and blastopore are present (Sedgwick, 1885). The two other 
yolk-deficient species whose development is known — P. edwardsii (Kennel, 
1884), P. imthurni (Sclater, 1888) — seem to lack a blastopore, and in the former 
even the appearance of the archenteron is delayed. Special significance 
attaches to the species with yolk-laden eggs. Of these the early development 
of two has been examined — P. novae- zelandiae (Sheldon, 1887-8), P. weldoni 
(Evans, 1901) ; in both there is a long ventral blastopore, from which endoderm 
grows inwards around the yolk, but an archenteron does not form. In all the 
species the mesoderm is found to arise from the neighbourhood of the blasto- 
pore. The formation of an embryo then proceeds without the intervention of 
a blastoderm phase. 

In Pauropus also, with from 80 to 200 cells present, a stage is attained to 
which the status of a gastrula must be conceded ; for it consists of a central 
clump of endoderm, out of which mid-gut epithelium will develop, and an 
outer layer of cells which may justly be considered as ectoderm. It is true 
that neither blastopore nor archenteron are present ; but neither of these is a 
constant feature of the gastrula of Peripatus . The gastrula of Pauropus is, 
nevertheless, a much-modified gastrula; its ectodermal cells are fully as rich 
in yolk as are the endodermal cells, and their nuclei, in anticipation of the 
formation of the blastoderm, are already located at the surface. Eventually 
by the breakdown of the walls of the ectoderm cells and the accumulation of 
a surface layer of cytoplasm the blastoderm phase is entered upon, and cleav- 
age thereafter becomes a purely superficial cleavage on the outside of an 
unorganized mass of yolk. The blastoderm then becomes demarcated into a 
germ-band and a provisional body-wall. The mesoderm forms by separation 
of cells from the germ-band, and not from a blastoporal area, as in Peripatus. 
It is evident that the blastoderm must be a post-gastrula phase, and is not 
represented in the development of Peripatus (in the heavily yolked eggs of 
P. novae-zelandiae Sheldon refers to a ‘blastoderm’ ; this is, however, a pre- 
gastrula phase, and is not comparable with the post-gastrula blastoderm of 
Pauropus). 

In no insect and in no myriapod with the possible exception of Scolopendra 
is there such clear evidence of the presence of a gastrula as in Pauropus , for 
in one way or another the egg passes directly into the blastoderm phase. The 
egg of Symphyla shows, at the blastoderm stage, a remarkable resemblance to 
that of Pauropus , for the ‘yolk-cells’ enclosed by the blastoderm are not com- 
pletely specialized vitellophages, but survive, for the greater part, to form 
fat-body and mid-gut epithelium; the mesoderm also arises, as in Pauropus , 
by separation of cells from the germ-band. Judging by Heathcote’s (1886) 
fragmentary description of the development of Julus terrestris % the yolk-cells 
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of Diplopoda are, like those of Pauropus and Symphyla, partly used in the 
formation of adult tissues, for the fat-body seems to arise from them. Heath- 
cote derived the mid-gut also from a central core of yolk-cells, but all other 
authors (Metchnikoff, 1874; Cholodkowsky, 1895; Lignau, 1911; Pflug- 
felder, 1932) are agreed that it takes its origin from the germ-band itself, 
either in association with the stomodaeum alone, or with the latter and the 
proctodaeum, the two Anlagen then growing towards each other through 
the yolk. In Diplopoda the mesoderm arises by separation of cells from the 
germ-band. 

In Scolopendra alone among myriapods do we find a form of development 
which is strangely reminiscent of that found in the heavily yolked species of 
Peripatus. According to Heymons’ (1901) account, most of the cleavage- 
nuclei move from the middle of the yolk towards the periphery, where the 
blastoderm phase then ensues, only a few of the nuclei remaining behind in 
the yolk as nuclei of vitellophages. From a small area in the blastoderm 
(cumulus primitivus) more vitellophages then enter the yolk. This is followed 
by the separation of endoderm cells over the lower half of the blastoderm, 
these cells being applied, as mid-gut Anlage, to the outer surface of the yolk. 
Most of the mesoderm arises by proliferation from the cumulus primitivus of 
two forwardly moving bands of cells, and here we are strongly reminded of 
the formation of the mesoderm in Peripatus from a blastopore. It would seem 
that the ‘blastoderm’ of Scolopendra is a blastula, comparable with the ‘blasto- 
derm’ of some heavily yolked species of Peripatus , and that it is not the equiva- 
lent of the post-gastrula blastoderm of Pauropus . 

We turn now to the thorny question of the interpretation of the blastoderm 
of insect embryos. The conviction that a gastrula, with its ancestral germ- 
layers, must at all costs be revealed in the development of these arthropods 
seems to have introduced little but confusion into the subject. 

Haeckel (1877) regarded the blastoderm as a modified blastula. Supposedly 
basing his interpretation on Kowalewsky’s description of the development of 
Hydrophilus , Haeckel identified the gastrula with the immediately following 
stage in which the ventral groove invaginated. Yet Kowalewsky had observed 
that the invaginated ‘lower layer’ was not endoderm, nor its cavity an archen- 
teron. 

Balfour (1880) saw the error of this interpretation. Though accepting 
the view, then prevalent, that the mid-gut arose from yolk-cells, he denied 
the existence of a gastrula in the development of insects on the ground 
that the formation of the yolk-cells could not be reduced to an invagin- 
ation process. 

In a later work Kowalewsky (1886) reintroduced Haeckel’s gastrula, though 
in a modified form. He had observed the formation of the mid-gut, not 
from yolk-cells, but from the anterior and posterior ‘endoderm rudiments’ 
which themselves form the anterior and posterior tips of the ‘lower layer’ that 
invaginates along the ventral groove. For him the invaginating groove was an 
elongate blastopore, with the endoderm confined to its ends, and with a long 
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strip of mesoderm intervening. This view has found favour with many 
writers, the more so since the divided blastopore of Peripatus seemed to afford 
a possible clue to the origin of the elongate ‘blastopore* of insects. 

Kowalewsky’s gastrula met its first important criticism in Heymons’ great 
work on the development of Dermaptera and Orthoptera (1895). In these 
primitive insects the mid-gut was found to arise by ingrowth of cells from the 
stomodaeum and proctodaeum. In some species the ventral groove was not 
even present, but the mesoderm arose by separation of cells from the germ- 
band. This latter type of mesoderm formation is common to all myriapods 
hitherto examined except Scolopendra , as well as to the Collembola, Lepisma , 
C<mpodea> Eutermes , and many Orthoptera. The ventral groove, far from 
being a modified blastopore, is thus found to have originated among the 
Insecta themselves. 

Heymons’ observation that the mid-gut epithelium developed from stomo- 
daeum and proctodaeum was in such obvious conflict with current notions of 
morphogenesis, based on an acceptance of Haeckel’s ‘Gastraea theory’, that it 
encountered much opposition — Nusbaum and Fulinsky (1906), Hirschler 
(1909), MacBride (1914), and others. Yet it has been repeatedly confirmed, 
and especially by more recent writers, for insects of different orders — 
Diacrisia (Lepidoptera), Johannsen (1929); Calandra (Coleoptera), Mansour 
(1927), Tiegs and Murray (1938) ; Locusta, Roonwal (1936-7) ; and Pteronarcys 
(Perlaria), Miller (1940) — and seems to hold also for some Diplopoda. 

Applying germ-layer terminology, Heymons concluded that the mid-gut 
in Orthoptera was ‘of ectodermal nature’. It is not necessary to consider the 
validity of this proposition ; it will suffice to agree that it cannot be endoder- 
mal. For the term ‘endoderm’ must be restricted to the mid-gut Anlage when 
this forms the inner layer to a gastrula, unless it is to become a superfluous 
alternative to ‘mid-gut-epithelium’ in general. Consistently with germ-layer 
principles, the need now arose for identifying endoderm in the embryo. In 
this dilemma Heymons, and many others following him, have turned to the 
yolk-cells. The development of Campodea and Lepisma seemed to lend 
countenance to this view, for in these insects the mid-gut arises from cells 
which, migrating from the blastoderm into the yolk, assumed control over the 
yolk itself. 

In Pauropus and Hanseniella (Symphyla) also the mid-gut is derived from 
yolk-cells ; yet it is to be observed that in these myriapods most of the ‘yolk- 
cells’ are used, not in the formation of mid-gut epithelium, but of fat-body, 
a tissue which in insects is of mesodermal origin. In Scolopendra , as Heymons 
has shown, true yolk-cells (vitellophages) and endoderm are simultaneously 
present; had the mid-gut in this myriapod developed instead from stomo- 
daeum and proctodaeum, as it does in many insects, then assuredly the vitello- 
phages would have been invoked to uphold the germ-layer principle. 

The validity of identifying yolk-cells, or any other cells, with endoderm, 
when these do not give origin to the mid-gut, involves the difficult theoretical 
problem of applying the principle of homology to an undifferentiated region 
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within an embryo. The concept of homology has emerged from a comparison 
of organs. Spemann (1915), in a lucid discussion on the propriety of apply- 
ing this concept to unorganized regions of an embryo, writes : ‘Homologizing 
is only possible after the formation of Anlagen, i.e. at a developmental period 
when the individual parts of the germ have become differentiated, if not in 
their outward appearance, at least in their developmental tendency.’ To 
homologize yolk-cells with endoderm therefore implies a belief that they are 
the vestige of a discarded mid-gut, and that the ‘ectodermal’ mid-gut is a com- 
pletely new organ. 1 Such are the difficulties, and indeed absurdities, which 
follow any attempt to explain away discrepancies in an outworn theory of 
development that did not contemplate such facts. 

In the development of Pauropus we now seem to have a clue to the inter- 
pretation of the blastoderm phase; it is a stage which succeeds a transitory 
gastrula, and is not, therefore, comparable with the ‘blastoderm’ of a heavily 
yolked Peripatus egg, which is a modified blastula. In other myriapods and 
in insects the gastrula has become superseded altogether, and the segmenting 
egg then passes directly into the blastoderm phase. It is a distinctive feature 
of these ontogenies that the mesoderm develops by separation of cells, either 
diffusely, or bilaterally, along the germ-band, or by the more specialized 
process of invagination along a ventral groove, and not, as in Peripatus , from 
a blastoporal region (‘primitive streak’); in Scolopendra alone does a more 
primitive mode of mesoderm formation, by cell-proliferation from a ‘cumulus 
primitivus’ (primitive streak), seem to have largely survived. 

The function of the blastoderm is evidently to eliminate the impeding 
action of yolk on morphogenetic processes in the egg. In Pauropoda, Sym- 
phyla, many Collembola and Diplopoda, the adaptation to yolk-accumula- 
tion is imperfect, for it is certainly surprising to observe the interior of the 
egg reverting to an unsegmented condition after the initial phase of apparently 
futile total cleavage. In Pauropus these early cleavages even permit the forma- 
tion of a gastrula. In all these primitive groups, moreover, yolk-laden cells 
in the interior of the egg, after playing an initial role as vitellophages, become 
organized into specific tissues of the adult. In insects (except Collembola and 
a few parasitic forms) there is no segmentation of the egg attending cleavage 
of the nuclei, and the egg passes directly into the blastoderm condition. Yolk- 
cells (except in Lepisma and Campodea) are now purely vitellophages, and the 
tissues which develop out of yolk-cells in the more primitive groups are now 
organized from other sources. It is evident that as this specialized type of 
development has evolved, all trace of a gastrula, or of a gastrulation process, 
as still exemplified in Pauropus , has been lost. 

Vertebrate embryos, confronted with much greater problems of yolk- 
accumulation, have, like those of the heavily yolked species of Peripatus , 
preserved to a surprising degree the primitive type of development of their 
ancestors; for the early developmental processes of vertebrates, however 

1 One writer (Lecaillon 1898) has even seriously proposed thus to avoid conflict with the 
germ-layer theory. 
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much obscured, can still be reduced to a gastrulation process, and do not show 
such remarkable departures from the primitive as the developing insect reveals. 

6 . Development of the External Characters of the Embryo 

(i) Early Development of the Germ-band , and the Formation of Appendages. 
By about the end of the fifth day the head-lobes have appeared (fig. 23, PI. 2). 
In the region of these lobes the germ-band is at its greatest width. The lobes 
are not yet very pronounced; they are, however, distinctly paired, for there is 
a deep indentation between them at the anterior tip of the germ-band. By 
this time a small elongate stomodaeal orifice has arisen, and the proctodaeum 
is now also in course of formation. 

During the sixth day the antennae begin to form. In entire embryos they 
may be seen as a pair of just perceptible backwardly directed elevations on the 
head-lobes, a little behind the stomodaeum, their outline being most readily 
distinguishable along their inferior margin (fig. 24 A and B, PL 2). There are 
no intersegmental grooves delimiting the antennary segment, and, indeed, 
throughout the length of the germ-band such grooves do not appear until the 
embryo is in an advanced state of development. 

By the seventh day the embryo has assumed the form shown in fig. 25 A and 
B, PI. 2. The stomodaeal opening is still conspicuous. The head-lobes have 
now much enlarged (cf. the relative position of the stomodaeum in figs. 23, 24 B, 
and 25, B, PI. 2), and show the orifices of a pair of deep invaginations, which 
are the Anlagen of the posterior lobes of the protocerebral ganglia. The anten- 
nae are considerably enlarged and more sharply defined ; their bases now lie on 
about a level with the stomodaeum. Behind the antennae evidence of two new 
segments has appeared, namely the pre-mandibular and mandibular, but neither 
is demarcated by transverse grooves. The former occupies a large area of the 
germ-band behind the antennae, but at no time does it possess even a rudi- 
ment of appendages. The mandibular segment, on the other hand, is made 
evident externally by its pair of large mandibles; they are still little more than 
gentle elevations of the surface of the germ-band, the alignment of nuclei 
around their margin accentuating their outline. 

Before the end of the seventh day several additional segments have become 
defined. An embryo at this stage of development is shown in fig. 26 A and B, 
PI. 2. The stomodaeal opening has now become a wide transverse cleft. The 
antennae are much more distinct. The mandibles have also become more 
sharply defined, and the first outlines of the maxillae are distinguishable 
behind them. It is to be observed that both these appendages are, from the 
first, directed medially. The first leg-bearing (second abdominal) segment is 
now also becoming recognizable by the presence of its appendages, which 
arise as gentle protuberances from the germ-band, farther from the mid-line 
than the gnathal appendages, and at first much smaller than these. Between 
the maxillary and first leg-bearing segment is the collum (post-maxillary) seg- 
ment, but it does not bear the Anlagen of any appendages ; it does not become 
part of the head, but forms the first of the abdominal segments. By this time 
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certain Ventral organs* (cf. section 13) have appeared, and these afford a use- 
ful guide to the subsequent displacement of the head-segments; they do not 
protrude beyond the surface, but are recognizable in stained whole embryos 
by the peculiar radiating orientation of their nuclei. They are already present 
in the pre-mandibular, mandibular, and maxillary segments (fig. 26 b, PI. 2). 

A rather more advanced embryo, aged about 8 days, is shown in fig. 27 A 
and B, PI. 2. The first legs have considerably enlarged, and the second have 
also appeared. Behind these a pair of just perceptible swellings on the germ- 
band indicates the formation of the third legs. On the head the orifices of the 
invaginating posterior lobes of the protocerebral ganglia, which have hitherto 
been conspicuous, are no longer present. The maxillae are now sharply 
defined. The only other noteworthy change concerns the beginning of forma- 
tion of the pre-oral cavity (‘mouth-cavity*), a description of which is given 
below (see Development of Head). 

I have already referred to the absence of any intersegmental grooves what- 
ever in the early embryo. By the eighth day, however, a rather vague indica- 
tion of some of the segments has appeared, in the form of slight encroachments 
from the margin of the germ-band on to the provisional body-wall, and be- 
tween them perceptible grooves are appearing. These grooves, it must be 
stressed, are confined to the lateral margin of the germ-band, and do not 
extend on to its lower surface. They are visible in the embryo shown in fig. 
27 A, PI. 2, those that define the collum and second abdominal (first leg-bearing) 
segments being the first to appear. 

Thus far the distinction between the germ-band and the thin provisional 
body-wall has been preserved. In the latter, however, mitoses are not infre- 
quently seen, and there is not that paucity of cells that we find commonly in 
the provisional body-wall of other myriapods and insects. In some embryos 
the nuclei are even closely crowded (e.g. fig. 26 A, PL 2), but there is much 
variation in this respect. In all cases, however, it is a thin membrane, and the 
yolk is always easily visible through it. 

(ii) The Advanced Embryo . During the eighth day the first embryonic cuticle 
begins to form. It is rather thicker than the blastodermic cuticle. Its most 
striking feature is a band of setae, which lies transversely across the head. 
The individual setae that compose the band are relatively long, stout, and 
sharp, and are disposed in three transverse rows, there being eleven in the 
first, ten in the last, and a short row of four between them. In 9-day embryos 
these setae can readily be seen through the transparent egg-membranes 
lying against the surface of the embryo. During the tenth day they become 
erect, and thereby tear a wide transverse rent in the overlying blastodermic 
cuticle and chorion, through which they now protrude (Text-fig. 1). Ad- 
vanced eggs can always readily be identified by these protruding setae; the 
egg is, moreover, no longer spherical, but has begun to lengthen. 

A few days before the embryo is due to emerge from the egg a second 
embryonic cuticle is formed. This is the ‘pupoid* cuticle. It also is adorned 
with setae; but unlike those of the first cuticle, they are mostly very long, 
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curved, and delicate, and are distributed over much of its dorsal and lateral 
surfaces. As the second cuticle develops, the tear in the egg-membranes 
slowly enlarges. On about the twelfth or thirteenth day it widens, a rent then 
appearing also in the embryonic cuticle, and so the pupa is slowly liberated 
(Text-fig. 3). The discarded chorion, blastodermic, and embryonic cuticles 
remain adhering to its under surface. 

In describing the changes which meantime have taken place in the external 
form of the embryo, it will be convenient to consider the abdomen and head 
separately. 



Text-fig. i . Egg, showing initial rupture of chorion ; cutting setae of 
embryonic cuticle protruding. Anterior end to right. 


A. The Abdomen. During the ninth day the formation of the definitive 
body-wall is in active progress (fig. 28 A, PI. 3). All along the margin of the 
germ-band cells are beginning to spread upward, and the intersegmental lines 
delimiting the collum and second abdominal segment are now quite clear, 
owing, in a measure, to the fusiform character of their cells and of their 
nuclei. 

In the advanced embryo shown in fig. 29 a, PI. 3 (aged about 10 days), the 
body-wall is almost complete. The intersegmental lines have now deepened 
into grooves, the groove behind the first leg being an exceptionally deep cleft. 
The grooves completely encircle the embryo, spreading now even on to its 
ventral surface; it is, however, on the dorsal surface that they attain their 
greatest depth. This dorsal accentuation of the clefts is evidently a conse- 
quence of the transverse folding to which the epidermis is there subjected, 
for the embryo is still in a somewhat dorsally flexed condition. 

The segments which have thus become demarcated are the collum and 
second to fourth abdominal segments. The collum segment is markedly 
wedge-shaped, its tergal portion being reduced to a narrow strip of epidermis. 
Some time before hatching, its sternal wall enlarges almost to the size of the 
segment that succeeds it (cf. figs. 29 b and 30 a, PI. 3). The fourth abdominal 
segment, which bears the third pair of legs, is also a wedge-shaped segment, 
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for the intersegmental line that delimits it behind merges, toward the dorsal 
surface of the embryo, with the intersegmental line behind the preceding 
segment (figs. 29 a, 31, PI. 3). The pleural areas of the collum and three leg- 
bearing segments are thin, and through them the yolk is still readily seen. 
These areas remain permanently thin, for there are no muscles attached to 
them. 

It is in these advanced embryos that we see the first indication of the inter- 
segmental line that delimits the fifth abdominal from the anal segment. If the 
embryo is turned on its end, so that it can be viewed from behind, the limits 
of the new segments are already seen clearly outlined by a ring of fusiform 
cells, even though an actual groove is not yet present. Near the middle of the 
last segment is the anus (fig. 31, PI. 3). 

On the lateral part of the tergal wall of the fifth and third abdominal seg- 
ments there may be seen, in all embryos after the tenth day, a pair of small 
but conspicuous patches of rather deeply staining cells; they are the develop- 
ing sensory setae (trichobothria) ; figs. 29 a, 31, PI. 3. 

On the ninth day the legs begin to elongate more actively. Unlike the 
mouth-appendages, they are, from the beginning, outwardly directed. They 
do not show any localized growing zone, for mitoses appear at random along 
their length. They soon become bent on themselves. Thereafter the develop- 
ment of the first pair, hitherto much the largest, is retarded, the second and 
third even outstripping the first a little. In the advanced embryo the legs be- 
come narrower, especially towards their tips, where they bend well under the 
embryo. Only at about the time of liberation of the pupa does the first sign 
of their segments appear. 

On the collum segment legs are absent. On the floor of this segment there 
are present a pair of large swellings, each bearing a minute medially directed 
conical papilla (Text-figs. 2B, 24B). Following Latzel (1884) it is customary 
to regard the latter as the vestigial appendages of the collum segment. The 
swellings on the floor of the segment which bear these problematical organs 
do not appear till about the tenth day, and show no obvious resemblance to 
limb-Anlagen (fig. 30 a, PI. 3). They are referred to again in section 14 (v). 

B. The Head, (a) Morphology of adult head (Text-fig. 2). The descrip- 
tions of the head-capsule that have passed into current authoritative works on 
the Pauropoda are inadequate, and incorrect on points of importance; for, 
from its minuteness and the complexity of its structure, this is a most difficult 
part to examine. The following account is given to facilitate the embryological 
description which follows; but a knowledge of the structure of the head is also 
of much importance for the assessment of affinities. 

The head, which is carried in a depressed (hypognathous) attitude, appears 
somewhat triangular when viewed from above. Four sutures run across its 
dorsal surface, which is thereby divided into five areas (Text-fig. 2 a). I shall 
speak of these as the clypeus, antennal area, frons, vertex, and occiput; the 
terms have been chosen for convenience, and no homology with any similarly 
named parts of an insect head is implied. The line between clypeus and 
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Text-fig. 2. The Head. 

A. Dorsal view; setae not drawn, b. Ventral view; collum segment included in drawing; 
left maxilla has been drawn out from under intermaxillary plate, c. Lateral view; collum 
segment, and part of succeeding segment, included in drawing, d. Tip of right mandible, 
viewed from below, e. View into pre-oral cavity (diagrammatic), f. View from above, 
to show floor of pre-oral cavity; part of the right mandible and most of the left removed; 
cavity of left maxilla partly exposed ; part of interior of head -capsule also shown, g. Trans- 
section through head, taken at level of bases of superlinguae, h. Ventral view of head, 
showing suspensory sclerite, hypopharyngeal apophyses, and right mandible. 

Lettering, a.a antennal area; c cardo of maxilla; cl clypeus; c.r chitinous ridge against 
which maxilla rests; c.s collum segment; ep epipharynx; ex.v exsertile vesicle ;fr frons; 
h.ap hypopharyngeal apophysis; i.mx.pl intermaxillary plate ; / ‘labrum’; Ic lacinia of 
maxilla; Ig fibrous ligament between mandibular apodeme and hypopharyngeal apophysis ; 
m mouth \mn mandible; mn.art articulation of mandible with hypopharyngeal apophysis; 
mx maxilla; mx.ap maxillary apodeme; o occiput; oes oesophagus; o.s occipital suture; 
pr.mn.m protractor muscle of mandible ; ps pseudoculus ; s sclerite for attachment of dorso- 
lateral longitudinal muscle of head ; si superlingua ; s.s suspensorial sclerite ; st stipes of 
maxilla; v vertex. 
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antennal area is a deep recurving fissure; that between the vertex and occiput 
» (occipital suture) forms a strong phragma for the attachment of tergal muscles. 
The other two sutural lines are merely thin seams in the dorsal chitin, and 
are easily overlooked. The occipital suture appears, from its development, to 
be the mandibulo-maxillary intersegmental line, the short occiput to the rear 
of it being the reduced tergal wall of the maxillary segment; whether the other 
sutures have any segmental significance cannot be determined. The chitin 
of the clypeus becomes thinned out, at its tip, to form a very inconspicuous 
‘labral lobe*, fringed with tiny curved spines, and demarcated by a groove 
from the clypeus. Along its margins the latter is, as Silvestri (1902) has already 
shown, folded in beneath the mandibles, which are therefore shut in except 
at their tips (Text-fig. 2 b ). 

On the sides of the head are the large bulging ‘pseudoculi*. These are 
described in section 14 (iii). 

Immediately behind the bases of the antennae, in the position occupied by 
the post-antennary organs of Tomosvary in Symphyla, are a pair of small 
rectangular sclerites (Text-fig. 2 a , c) ; they do not, however, represent such an 
organ, but are thickenings of the chitin, to receive the insertion of the dorso- 
lateral muscles of the head (see section 15). 

The bifurcated antennae (Text-fig. 2 c) arise close together on the antennal 
area ; adequate descriptions of these remarkably specialized appendages have 
already been given by Lubbock, Latzel, Kenyon, Remy, Silvestri, and others. 

The examination of the mandibles presents considerable difficulty, for the 
conformation of their chitin is complex, and they are, moreover, closed in by 
the inturned folds of the clypeus. They consist each of an unsegmented piece 
of chitin, whose base is prolonged into an apodeme, a long, ^curved blade of 
chitin, which extends far back into the cavity of the head (Text-fig. 2H). 
The apodemes are attached each by two fibrous ligaments, a median to the 
hypopharyngeal apophysis (Text-figs. 2H, and 12), and a lateral to the wall 
of the head just to the rear of the pseudoculus (Text-fig. 21 a ). Each mandible 
is articulated with the hypopharyngeal apophysis (Text-fig. 2F, h ). Only the 
anterior quarter of the mandible is free to operate within the pre-oral cavity, 
and here it displays a most unusual structure : on its superior surface the chitin 
is thick and firm, but on its inferior surface it is thin and has the form of a 
shallow groove. Along this groove run fine ridges of chitin, about seven in 
number, and these are prolonged beyond its tip to form a comb of seven deli- 
cate curved blades, beyond which is a second row of smaller blades (Text- 
fig. 2D, h). The two grooved surfaces of the mandible co-operate with an 
epipharyngeal ridge to form the upper half of a tube, the lower half of which 
is completed by the grooved floor of the pre-oral cavity, against which a flange 
from the mandibles fits ; and the whole structure is evidently a contrivance 
for drawing into the mouth semifluid food scraped away by the fine terminal 
blades of the mandibles. As other authors have already observed, the intestinal 
content has a fluid consistency. Nevertheless, animal remains are occasion- 
ally met with. For their possible origin see section 9(a). 
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Below the mandibles is a single pair of maxillae, and between them the 
intermaxillary plate (Text-fig. 2 b). The latter is a simple triangular piece of 
chitin, bearing at its tip several short, blunt spines. The maxillae are composed 
of two parts, distinguishable as stipes and lacinia. There is no galea or palp. 
The lacinia is an elongate tapering piece of chitin, with a slender apodeme 
that extends far into the head, where it becomes attached to one of the liga- 
ments of the mandibular apodeme. The lacinia is partly covered, from below, 
by the intermaxillary plate, and rubs against an intumed chitinous process 
from the latter (Text-fig. 2 f). The stipes is a short, semi-cylindrical sclerite 
devoid, as usual, of an inner wall, and forming therefore part of the head- wall 
itself. Behind the latter is another, and smaller, sclerite, the equivalent, it 
would seem, of the cardo; but, unlike the other two parts of the maxilla, it has 
no muscle-attachments and should therefore probably not be reckoned as 
part of the appendage itself, but rather as a ‘pleurite’. 

The intermaxillary plate, which is the sternite of the maxillary segment, 
does not itself constitute the floor of the pre-oral cavity, the latter being 
formed mainly out of the inturned sternum of the mandibular segment, the 
whole protruding structure being a kind of flower lip'. Along it runs the 
gradually widening and deepening groove above alluded to, which leads be- 
hind into the mouth (Text-fig. 2E, f). To the sides are a pair of appendage- 
like structures, ending in several minute teeth, and already referred to by 
Silvestri (1902) as the galeae of the intermaxillary plate ; actually, however, they 
arise from within the pre-oral cavity (Text-fig. 2 g), with the floor of which 
they are flexibly articulated, but they do not seem to be provided with muscles. 
They are a product of the mandibular segment, and seem therefore to be the 
equivalent of the superlinguae. 

A pair of unusually complex suspensorial sclerites for the attachment of the 
hypopharyngeal apophyses is present (Text-fig. 2 F, h). They occupy part of 
the hinder wall of the pre-oral cavity, above the bases of the mandibles, where 
there are attached to them the protractor muscles of these appendages (see 
section 15). From here they extend down below the mouth, and then bend 
forward to form a support for the floor of the pre-oral cavity. They are not 
associated with the superlinguae. 

The hypopharyngeal apophyses (Text-fig. 2h) are a pair of complex 
chitinous structures, from which many of the sternal muscles of the appen- 
dages take origin. (Ferris (1942) has justly criticized the term ‘hypopharyn- 
geal apophyses' which I have retained here in deference to its use in 
recent standard works on insect morphology (Snodgrass, Weber). The 
apophyses do not arise from the hypopharynx, even when that term is used, 
in the wider sense, to include the superlinguae.) Immediately behind their 
point of attachment to the suspensorial sclerites they form a chitinous ring 
round the oesophagus, from which two sheaths extend back some distance 
along the latter. The principal arms of the apophyses pass back into the collum 
segment, where they bend round the tritocerebral ganglion to provide attach- 
ment for the large dilator muscles of the oesophagus (Text-fig. 12). In addition 
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there is present a pair of smaller arms, which bend upwards and become 

attached by fibrous tissue to the occipital suture; these act as braces for the 
whole structure, and there are no muscles attached to them. The develop* 
ment of the apophyses is described in section 14 (vi). 

(b) Development of the head. The principal theoretical problem in the 
developing head is the determination of its segments, and the identification 
of these in the completed head-capsule. Most morphologists agree that the 
procephalon has arisen by the welding together of an acron (prostomium) 
and three segments, viz. : the pre-antennary, antennary, and pre-mandibular. 
The principal evidence for this is provided by Heymons* (1901) study on 
Scolopendra> in the embryo of which the constituent segments of the proce- 
phalon are identifiable, to an unusually complete degree, by their ganglia, 
mesodermal somites, and intersegmental grooves. The hope that so primitive 
a myriapod as Pauropus might yield still more complete evidence on this point 
has not been fulfilled, for intersegmental lines are here markedly suppressed 
throughout the whole length of the germ-band. The chief external guide to 
the segments must therefore be the appendages and the ‘ventral organs*. The 
latter are well developed on the antennary and pre-mandibular segments, 
those of the pre-antennary segment being diminutive; appendages occur on 
the antennary segment alone. The pre-antennary segment and acron are not 
externally distinguishable. 

In the gnathocephalon two segments only are present, the mandibular and 
maxillary; there is no second maxillary segment. Each has a pair of large 
appendages and a pair of ‘ventral organs*. An intersegmental line demarcates 
these two segments from one another, but, like the other intersegmental lines, 
it does not appear until late in the development of the embryo. 

By the sixth day the antennae have begun to form. They are, at first, merely 
gentle swellings of the epidermis, and, as usual in myriapods and insects, lie 
post-orally (fig. 24 B, PI. 2). By the seventh day they are more distinct, and 
have moved up almost into line with the stomodaeum; the mandibles have 
now also begun to form, and the pre-mandibular segment is distinguishable 
(fig. 25 B, PI. 2). In the late 7-day embryo, as shown in fig. 26 B, PI. 2, the bases 
of the antennae lie on a level with the stomodaeum, which is now a wide slit; 
the maxillae are beginning to form, and the pre-mandibular, mandibular, and 
maxillary ‘ventral organs’ are distinguishable. The impression obtained from 
this series of embryos is that a post-oral antennary segment is in process of 
curving forward round the stomodaeal opening. 

During the eighth day the pre-oral cavity begins to form. The head is 
still very large and occupies most of the anterior half of the egg (fig. 27 a, PI. 

2). The mandibles have moved nearer to the mouth, and the pre-mandibular 
segment therefore appears of diminished size. This is due to the fact that the 
median sternal portion of the segment is beginning to invaginate in the direc- 
tion of the former stomodaeal opening, pushing the latter more deeply into the 
head. The new cavity which is thus forming is the pre-oral cavity, and its 
floor consists of pre-mandibular epidermis (fig. 27 b, PI. 2). At its comers 
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are situated the Ventral organs’ of the pre-mandibular segment. If the head 
is turned on its side and examined in optical section the pre-mandibular . 
(tntocerebral) ganglia, hitherto post-oral in position, are now seen to the side 
of the stomodaeum. It is therefore clear that the pre-mandibular segment, 
like the antennary, has now also begun to curve forward from behind the 
original stomodaeal opening. 

In the 9-day embryo shown in fig. 28 a and b, PI. 3 , the antennae have moved 
into a pre-oral position, and the mandibles now lie in line with the pre-oral 
cavity. The median sternal portion of the pre-mandibular epidermis has 
completely disappeared from the surface ; but if the head is turned on its side, 
it can be seen, in optical section, forming the floor of the pre-oral cavity. Com- 
parison with fig. 27 b, PI. 2, shows, at the same time, that the more lateral 
part of the pre-mandibular epidermis has moved into a pre-oral position, and 
occupies an area, with unidentifiable outline, median to the base of each 
antenna , this epidermis later plays a large part in the formation of the clypeus, 
and it is therefore evident that, as in Symphyla, this part of the head-capsule 
must be largely of pre-mandibular origin. (Both in insects and myriapods the 
innervation of the clypeus and labrum from the tritocerebrum has long been 
known (Saint Remy, 1887; Viallanes, 1887; Holmgren, 1916), and there can 
be little doubt of an extensive participation of the pre-mandibular segment 
in the formation of these parts in other myriapods and insects.) The sternum 
of the mandibular segment is now a conspicuous triangular structure forming 
a lower lip to the pre-oral cavity (fig. 28 B, PI. 3) ; already in the earlier embryo 
shown in fig 27 B, PI. 2, this structure is recognizable by the arrangement of 
its nuclei. 

In the 10-day embryo shown in fig. 29 a and b, PI. 3, the antennae have 
grown longer and more slender, and their bases have begun to approach one 
another on the anterior wall of the head. There can no longer be any doubt 
as to the reality of the displacement and deformation to which the remarkable 
antennary segment is subjected. The clypeus has now started to fold down 
over the bases of the mandibles, and this has the effect of greatly widening the 
pre-oral cavity and of enclosing the mandibles within it. The mandibular 
sternum still protrudes as a kind of lower lip to the pre-oral cavity. The head 
has, by this time, already begun to diminish in relative size (cf. fig. 27 a, PI. 2, 
and fig. 29 a, PI. 3). 

Enclosure of the mandibles within the pre-oral cavity is not complete until 
shortly before the embryo leaves the egg as a ‘pupa’. An embryo at this stage 
of development is shown in fig. 30 a and b, PI. 3. The maxillae are now conical 
in form, and protrude towards the tip of the clypeus. Between the maxillae 
is the intermaxillary plate. The mandibular sternum does not form a part of it, 
but it is derived entirely from the maxillary sternum. From the structure of the 
head in the earlier embryos shown in figs. 28 b and 29 b, PI. 3, the participa- 
tion of the mandibular sternum in its formation might have been expected; 
there is, however, no evidence for this, and indeed, if the embryo be turned 
on end to admit a view into the pre-oral cavity, the inturned mandibular 
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sternum may be seen forming the floor of that cavity between the mandibles 
(fig. 30 b, PL 3). For comparison with the gnathochilarium of diplopods it is 
also of importance to observe that the collum segment does not contribute 
to the formation of the intermaxillary plate; for though the intersegmental 
groove between the two segments is not very deep, it is sufficiently clear to 
define precisely the limits of the two segments. (Some further observations on 
the development of the intermaxillary plate are given in section 10 (iv).) The 
antennae have now grown narrower and longer, and at their distal ends have 
begun to bifurcate; their bases have approached still more closely on the 
anterior surface of the head. 

The usual difficulty of determining the limits of the gnathal segments within 
the head-capsule is accentuated, in Pauropus y by the absence of muscle indica- 
tions. There is only one intersegmental line, namely, that between the mandi- 
bular and maxillary segments, and it does not appear until about the tenth day. 
It is then distinguishable by the fusiform character of its cells, but can at first 
be seen extending up for only a little distance from between the bases of the 
mandibles and maxillae (fig. 29 A, PL 3). In pupae (figs. 32 A, 33 A, PL 3) it 
becomes more prominent, and now encircles the head, developing above into 
a pronounced groove. This groove remains as the occipital suture in the 
chitinized head-capsule, but does not extend the full distance to the bases of 
the appendages. 

The groove demarcating the clypeus from the antennal area is present from 
the tenth day onwards (fig. 29 b, PL 3). 

The superlinguae do not make their appearance till after the pupa has 
formed ; they are, for example, not present in the advanced embryo shown in 
fig. 30 B, PL 3. They arise as a pair of outgrowths from the floor of the pre- 
oral cavity, being the product of the mandibular epidermis (Text-fig. 9). 

A feature of the very advanced embryo is the pronounced deepening of the 
intersegmental grooves behind the first abdominal segment, and the forma- 
tion of several transverse folds that distort the body-wall, especially on the 
head. It is evident that the epidermis of the advanced embryo has enlarged 
to a degree where it can no longer be accommodated without distortion within 
the old embryonic cuticle. Presumably in consequence of absorption of mois- 
ture from without, the surface distortions now gradually even out, the embryo 
enlarges, and so slowly forces its way from the egg to enter the ‘pupoid’ phase. 

(iii) The pupoid' phase. The pupa (Text-fig. 3) is a smooth, white object, 
measuring o-i mm. in length. It is quite immobile. It is rather narrower in 
front than behind. Minute oral and anal apertures are present, the chitin 
being inflected through them to form a lining for the fore-gut and rectum. 
The pupal sheath shows the impress, from within, of the bifurcated tips of the 
antennae, and of the tips of the first and second, but not third, legs. It is 
clothed with setae, most of which lie in transverse rows and are long, slender, 
and curved, though there are also a few that are relatively short and stout. 

The appearance of the stained embryo, seen through the transparent pupal 
sheath, is shown in fig. 32 a, PL 3. The head has assumed almost its adult 
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form. On the antennae the three flagella are beginning to grow out (fig. 32 b, 
PI* 3 )- collum and first leg-bearing segments have assumed almost their 
definitive form, but the hinder segments are still pressed against one another 
and it is due to the release from this that the subsequent elongation of the 
larva, after leaving the pupa, is due. The tergal wall of the second and third 
segments is strongly developed, but that of the following segment is reduced 
to a narrow strip of epidermis, being, as it were, wedged in between the third 
and fifth segments. The anal segment is now sharply demarcated from the 



Text-fig. 3. The pupa. 

Lettering, a antenna; l u l 2 first and second legs. 


fifth. The legs have become further enlarged and bent under the ventral sur- 
face of the embryo, and are beginning to show signs of segmentation (fig. 32 c, 
PI. 3). Only the five segments which form the segments of the mature limb 
are distinguishable, there being no indication of a ‘sub-coxa’ postulated by 
some morphologists. 

In the pupa the flagella of the antennae elongate rapidly (figs. 33 A and b, 
PI. 3) and the globulus is now also visible. There are no nuclei in the flagella! 
The latter are protoplasmic prolongations from cells at the tips of the rami, 
and several cells seem to co-operate to form them. 

Chitinization does not begin until about the end of the second day, and 
thereafter the various setae and specialized ‘hairs’ of the larva become visible 
beneath the pupal sheath. Special importance attaches to the development of 
the second and third tergites. The former is entirely the product of the 
tergal wall of the third (second leg-bearing) segment, and the reduced tergal 
wall of the succeeding segment contributes nothing to it. Similarly the tergite 
of the fifth abdominal segment will become the third in the adult animal, 
and it, also, is the product of a single segment, the future sixth abdominal 
segment (which is related to the fifth as the fourth is to the third— see Text- 
fig. 24 a) being still only in course of formation. This solves the problem of 
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the supposed ‘diplotergites’ of Pauropus ; they are not ‘diplotergites’, but 
derivatives of a single segment, and each tergite-bearing segment (except the 
first) is followed by an ‘intercalated’ segment with reduced tergal wall, and 
without a tergal shield (see further, Post-emb. Dev., sections 1, 2). 

After 3 or 4 days a split appears along the dorsal surface of the pupa, and the 
larva is set free. 



01 mm 



Text-fig. 4. First In9tar Larva. 

A. Entire larva, b. Hinder end. c. Antenna. 

Lettering, a.p anal plate ; l.sr lamina supranalis ; 5 style. 

(iv) The First Instar Larva (Text-fig. 4). This is a small, white, actively 
moving creature, measuring about 0*25 mm. in length. 

The head of the larva possesses most of the characters of the adult animal , 
On the antenna the globulus and three flagella are present; there are, however, 
only two basal segments in the antenna, and the number of rings in the 
flagella is only about a third of the adult number (Text-fig. 4 c). The mandibles 
and maxillae have assumed their adult features. The pseudoculi are present. 

The collum segment is wedge-shaped, and is without a tergal shield. On 
the second segment a shield is present. There is a similar shield on the follow- 
ing segment, and this bears a pair of long sensory setae (trichobothria), the 
specialized epidermal cells from which these arise being already evident in 
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10-day embryos (fig. 29 A, PI. 3). The fourth segment is without a shield; in 
extended larvae its reduced tergal wall is readily seen (Text-fig. 4 a), but if the 
larva is contracted it is withdrawn beneath the second tergal shield, which 
thereby acquires the misleading appearance of a diplotergite. The third shield, 
that of the fifth abdominal segment, bears, like the second, a pair of long 
tactile setae ; this shield will remain as the third shield in the next and later 
instars, the new segments being generated from the anal segment. There is 
a fourth tergal shield, namely, on the anal segment, but it is smaller and weaker 
than the three that precede it. This segment is exceptional in being provided 
with a sternite, the only sclerotized sternite in the abdomen. 

In the first instar larva the first teloblastic (i.e. sixth abdominal) segment has 
already become defined. Like the fourth segment, it has a reduced tergal wall, 
and is wedged in behind the fifth segment. It may be seen in Text-fig. 4 a. 
For an account of its development, see below, Post-emb. Dev., section 2. 

It is noteworthy that limb-buds for the new segments are not yet present, 
and in this respect Pauropus differs from the Symphyla, in which the first 
pair of legs that mature during anamorphosis is already present in the advanced 
embryo. 

Up to the time when the embryo is entering the pupal phase, the anus has 
remained a transverse slit at the tip of the anal segment. But in the larva it is 
withdrawn from the surface (Text-fig. 4B); it is overhung by the ‘lamina 
supranalis’, while below it is the ‘lamina subanalis’, but neither is de marcated 
by a groove from the rest of the anal segment. The lamina subanalis bears the 
peculiar ‘anal plate’ (Hansen, 1902); under the lamina supranalis, to the sides 
of the anus, are two papillae that bear the styles. 

Each leg has five segments, the tarsi of the first instar larva being unseg- 
mented in all the legs. 

(v) General Remarks . In comparison with other myriapods and with in- 
sects, the external form of Pauropus develops along comparatively simple 
lines. The initial dorsal flexing of the germ-band is well known also in chilo- 
podfc, many diplopods, and, amongst primitive insects, in Diplura and Collem- 
bola; but in all these forms it soon changes to complete ventral flexing, the 
latter being present, even from the beginning, in Symphyla and many Diplo- 
poda. In Pauropus alone amongst myriapods does the slight dorsal flexure 
persist. The absence of embryonic membranes was to be expected ; these are 
confined to the insects and have, indeed, evolved within that class. 

Pupoid phases are of widespread occurrence amongst myriapods, though in 
no previously described case is there so distinctive a ‘pupa’ as in Pauropus. By a 
‘pupa’ we mean a precociously liberated motionless embryo, with unsegmented 
or only partially segmented appendages, invested by a protecting cuticle, within 
which the embryo completes its development at the expense of the nutritive 
yolk. Amongst the diplopods a pupoid phase was observed by Newport as long 
ago as 1841, and has since been found in various members of the group. In 
Strongylosoma and Polydesmus (Metchnikoff, 1874) and in Julus terrestris 
(Heathcote, 1886) the ‘pupa’ is enclosed, as in Pauropus , within a specific 
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embryonic cuticle which already shows the rudiments of appendages. In Julus 
morelettu (Metchnikoff, 1 874) the pupa is encased within a blastodermic cuticle, 
and this seems to hold also for Archispirostreptus , in which limb-buds do not 
protrude (Robinson, 1907). In Glomeris , on the other hand, a pupoid phase 
seems to be omitted (Hennings, 1904). Amongst the chilopods, Geophilus 
(Metchnikoff, 1875) anc * Scolopendra (Heymons, 1901) both show precocious 
rupture of the egg-membrane, thereby partially disclosing an embryo encased 
within an embryonic cuticle. Heymons, who has given a detailed account of 
these phases in Scolopendra , finds that the embryo now moults and emerges 
from the egg as a motionless ‘embryonic stadium*, beneath the cuticle of which 
development continues, the embryo living on its yolk; this in turn moults, and 
discloses the ‘foetus*, a transient non-feeding stage, out of which the feeding 
‘adolescent stage* later emerges. In Symphyla there is no known case of a pupa. 
A kind of ‘pupa* is, however, very prevalent amongst Collembola, for the egg- 
membrane usually ruptures at an early stage of development, the enlarged 
embryo continuing its development under cover of the blastodermic cuticle. 

In the character of its segmentation, the germ-band of Pauropus seems to 
resemble that of diplopods; and it is, in fact, identical with that figured by 
Silvestri (1933) for Archispirostreptus gigas. Its most noteworthy feature is the 
collum segment, quite devoid of appendages, and this character it shares with 
diplopods but with no other myriapod 1 or insect. The comparison with 
diplopods remains tentative, however, for there is a surprising lack of unani- 
mity in the published accounts of the development of these myriapods. From 
the presence of a tritocerebral ganglion in the adult diplopod brain the 
< presence of a pre-mandibular segment in the diplopod germ-band is to be 

expected, as in Pauropus ; yet neither Heymons (1897) nor Lignau (191 1) refer 
1 to it, and Pflugfelder (1932) states explicitly that it is not present. Owing to 

the vestigial form in which this segment commonly appears in insects, there 
may perhaps be some difficulty in identifying it in diplopods also, and greater 
weight should therefore probably be given to the statements of Silvestri (1903, 
1933) and Robinson (1907) that such a segment is present in the embryos they 
examined ( Pachyjulus t Archispirostreptus ). 

A post-maxillary collum segment, in which appendage rudiments are absent, 
is referred to by all recent authors on diplopod development, with one excep- 
tion: Pflugfelder alone states that this segment bears a pair of second maxillae. 
If this is correct, it is strange that competent observers like Heymons and 
Silvestri can find no trace of such appendages. In Pauropus this segment 2 does 
not become part of the head; for diplopods the question is still undecided: 
Metchnikoff (1874) reported that two appendage-bearing segments, and two 
only, became associated with the head, the second pair of appendages uniting 
to form the lower lip (gnathochilarium). According to Heymons (1897), the 

1 A kind of ‘collum segment’ is found in some adult Symphyla, but it is not the equiva- 
lent of the post-maxillary collum of Diplopoda and Pauropoda. 

2 Latzel speaks of the collum segment as the basal segment of the head; it is clear „ how- 
ever, that the ‘cephalization’ of this segment is not comparable with that of the second 

, maxillary segment of chilopods, Symphyla, and insects. 
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gnathochilarium has a more complex origin, in that it arises by fusion of the 
first maxillae with the ‘hypopharynx’, i.e. stemites of the mandibular and 
maxillary segments; Heymons is, however, quite emphatic that the lamellae 
linguales and ‘stipites gnathochilarii’ do not represent separate appendages, 
but arise by longitudinal division of the single pair of fused maxillae. While 
agreeing as to the presence of only a single pair of maxillae in the gnathochi- 
larium, Silvestri (1903) reported that not only the maxillary sternite, but also 
that of the collum segment, entered into its formation, the basal sclerite 
(hypostome) being derived from the latter. This is confirmed by Lignau 
(19 1 1) ; but while all other authors are agreed that at least the tergal portion of 
the collum segment remains separate from the head and forms the ‘collum* of 
the larva, Lignau claims that the ‘collum’ develops out of the first leg-bearing 
segment. The remaining two publications on the development of the gnatho- 
chilarium only add to the confusion. From a very fragmentary series of Archi- 
spirostreptus embryos Robinson (1907) reported two maxillary segments be- 
tween the mandibular and collum segments; the first pair of maxillae were 
stated to degenerate, while out of the second was formed the gnathochilarium. 
Pflugfelder (1932), on the other hand, states that the collum segment is 
furnished with appendages; the gnathochilarium, according to this author, 
arises by fusion of the first and second maxillae, the sternite of the collum 
segment apparently forming the ‘hypostome’. 

There are no adequate reasons for referring these six conflicting accounts 
to diversity in the forms examined. Most authors are agreed that the legless 
post-maxillary segment of the embryo becomes, at least in part, the collum of 
the adult animal ; and in this respect the diplopods will then resemble Pauropus , 
but no other myriapod. There remains, however, the more debatable ques- 
tion of the relationship between the intermaxillary plate and maxillae of 
Pauropus and the gnathochilarium of diplopods. Does the gnathochilarium 
contain, in addition to the first maxillae, the equivalent of a labium ? The most 
recent work, that of Pflugfelder, asserts that it does ; on the other hand, Metch- 
nikoff, Heymons, Silvestri, and Lignau agree that there are no second maxillae. 
Even if we accept Siivestri’s statement that the sternite of the post-maxillary 
(collum) segment is incorporated into the gnathochilarium as its ‘hypostome*, 
this is by no means the equivalent of the cephalization of a labial segment and 
of the enlargement of the pre-oral cavity by a labium. Siivestri’s work, in 
particular, is attested by some very clear drawings, and these are impossible 
to reconcile with Pflugfelder’s recent work. As far as we can evaluate the con- 
flicting accounts, it would seem that the diplopod gnathochilarium is the 
equivalent of the intermaxillary plate and maxillae of Pauropus , complicated 
by the incorporation of a post-maxillary sternite; and it might be regarded as 
an organ elaborated from some simple forerunner, of the kind found in Pa uro- 
pus\ but if Pflugfelder’s work is confirmed, then the mouth-appendages of 
diplopods must be interpreted as a highly specialized modification of the 
system of appendages that form the mouth-parts in other myriapods and in 
insects. 
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The absence of a second maxillary segment in the head of Pauropus is of 
importance for the assessing of its affinities. It is clear that cephalization has 
not proceeded as far as in chilopods, Symphyla, and insects. In the embryo- 
logy of Symphyla there is evidence of the relatively recent incorporation of this 
segment into the head, for it appears first as part of the abdomen rather than of 
the head (Tiegs, 1940), and even in insects the abdominal rather than cephalic 
character of its mesoderm has long been recognized (Wiesmann, 1926). 

7. Differentiation of the Mesoderm , and Formation of Somites 

By the time the germ-band has become defined, the formation of mesoderm 
is at an end. As already described in section 4, the mesoderm extends from 
just behind the stomodaeum almost to the posterior end of the germ-band. 
For some distance behind the stomodaeum it is heaped up several cells deep 
(fig. 54, PI. 5), and even extends forward a short distance round the stomo- 
daeum; elsewhere along the germ-band it forms a rather irregular layer, with 
a tendency for its cells to accumulate along the lateral margins of the germ- 
band in the position of the future somites. 

With the pre-oral elongation of the head-lobes that takes place during the 
seventh day, mesodermal cells begin to spread forward from behind the 
stomodaeum, along the floor of the head, almost to its anterior tip. This pre- 
oral mesoderm thereby comes to form a continuous sheet of cells on the floor 
of the head (fig. 58 A, PI. 5), but it does not spread over its lateral walls, where 
the process of thickening, associated with the formation of the protocerebral 
ganglia, is already beginning. Some cells also spread on to the stomodaeum 
itself (fig. 59, PI. 5), and are the source of the mesodermal sheath of the 
fore-gut and eventually also of the mid-gut (see section 9). The post-oral 
accumulation of mesoderm is thereby much diminished. By this time the 
proctodaeum also has begun to form, and, like the stomodaeal ingrowth, is 
surrounded by a ring of mesoderm. Fig. 58 A and B, PI. 5, will serve to show 
the disposition of the mesoderm in embryos at this stage of development ; the 
drawings represent two sections from a series cut ‘horizontally’ through the 
embryo, the germ-band being therefore twice transected in a single section. 
Fig. 58 A shows the germ-band cut (above) through the ingrowing procto- 
daeum, and (below) through the head-lobe some distance in front of the 
stomodaeum; the median pre-oral sheet of mesoderm, and the mesoderm 
surrounding the base of the proctodaeum are seen in this section. In fig. 58 b 
the germ-band is seen transected (above) at about the level of the future third 
abdominal segment, and (below) a little distance behind the stomodaeum; 
note in this section the marked diminution of the post-oral mesoderm, but 
the relatively abundant mesoderm in the abdomen. 

, Throughout the seventh day mitoses are encountered in great numbers in 
the mesoderm. The tendency of its cells to aggregate into two lateral bands 
becomes more marked, and within these a segmentation into successive somites 
is becoming progressively clearer. Before the end of the seventh day most of 
the somites have formed (Text-fig. 5). 




Text-fig. 5. Seven-day embryo, bisected. 

The embryo is at the stage in which the stomodaeal and proctodaeal ingrowths are approach- 
ing the central yolk-laden endoderm, the latter being distinguished from the rest of the 
‘yolk-cells’ by its large nuclei and richer cytoplasmic content. The pre-antennary somites 
have not yet developed out of the pre-oral mesoderm, but the antennary, pre-mandibular, 
mandibular, maxillary, and collum somites are fully formed, and the next three abdominal 
somites are in course of development. Behind this the mesoderm has not yet begun to 
show sign of somite formation. The ‘dorsal organ’ is conspicuous, and its secretion has 
begun to form. The large posterior lobe of the protocerebral ganglion is shown, and in 
front of it the ectodermal thickening out of which the frontal and lateral lobes will 
arise. In the ventral ectoderm nerve-cord formation has hardly begun; in places the 
‘median mesoderm’ is shown, but in longitudinally cut embryos this is usually difficult 
to distinguish from the underlying ectoderm. 

Lettering, d.o ‘dorsal organ’ ; e endoderm ; mes.pr.o pre-oral mesoderm ; pr proctodaeum ; 
pr.l.f developing lateral and frontal lobes of protocerebrum ; pr.mes proctodaeal mesoderm ; 
pr.p posterior lobe of protocerebrum ; sm. a, sm.ab 2 > s , 4 » sm.c, sm.mn , sm.mx y sm.pm somites 
of antennary, second to fourth abdominal, collum, mandibular, maxillary, and pre-mandi- 
bular segments respectively; st stomodaeum; undif.mes mesoderm not yet differentiated 
into somites. 

(This drawing, as well as Text-figs. 7, 8, and 9, are reconstructions from embryqs cut in 
sagittal series. Cell-nuclei, drawn with camera lucida from the median section of the 
series, are used to indicate the cut surface of the bisected embryo ; structures that are not 
cut by the median section are indicated without nuclei.) 

Complete withdrawal of mesoderm from the mid-line does not take place. 
There survives here a narrow, and at first discontinuous, band of cells, which 
I shall speak of as ‘median mesoderm’. Unlike the lateral bands of somites, it 
remains unsegmented. In some places its cells adhere closely to the adjacent 
ectoderm, filling out irregularities along its surface, and they may, for that 
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reason, often be difficult to distinguish from ectodermal cells; particularly are 
they apt to fill in a median groove between the two lateral thickenings of ecto- 
derm, out of which the nerve-ganglia will form (figs. 63, 64, 65, 66, PL 5; fig. 
67 B, PI. 6 ; figs. 74, 75, 76, PL 6). 

Within most of the segments (mandibular to fifth abdominal) there remains 
a small amount of mesoderm which at no time forms part of the somites. It 
moves into a position dorso-lateral to the somites, where it lies against the 
epidermis, and provides the material from which the dorso-lateral muscles 
develop in the late embryo. It is shown in fig. 64, Pl. 5, and is referred to more 
fully in section 15 (b) (ii). 

In the procephalon there develop three pairs of somites, namely, pre- 
antennary, antennary, and pre-mandibular, but of these the pre-antennary are 
very vestigial. The mandibular, maxillary, and first four abdominal segments 
contain each a single pair of somites, and these are clearly distinguishable by 
the end of the seventh day (fig. 79, PL 7; Text-fig. 5). The fifth abdominal 
and anal segments also develop each a pair of Somites, but their formation is 
delayed at least a day after that of the others. The presence of a distinct 
somite in the $nal segment is evidence that the latter is a true segment and not 
a telson. 

The fully formed somite usually presents a distinction between an outer 
thick somatic wall and a thinner visceral wall of flattened cells adjacent to the 
yolk (figs. 60, 64, PL 5; figs. 80, 81, PL 7). But even at best the visceral 
wall is but poorly developed, and somites are sometimes encountered where 
it cannot with certainty be seen. At the intersegments successive somites 
of the gnathal and first four abdominal segments abut on one another, and 
are not separated by gaps. At the height of their development many of the 
somites show minute cavities (fig. 81, PL 7), but there is no indication of 
those spacious coelomic vesicles that we find in other myriapods. Nor do 
the minute coelomic cavities of successive somites communicate at the inter- 
segments. 

A detailed account of the development and transformation of the individual 
somites is given in section 8. 

The ‘median mesoderm’ gives origin to the genital tube and to certain cells, 
apparently neuroglial in nature, associated with the nerve-cord. For an 
account of these', see sections 11 and 13. 

8. Transformation of the Somites 

(i) The Pre-antennary Somites. These are the least developed of the somites 
of the procephalon, and are also the last to form within it. For some time after 
the succeeding two pairs of somites have already formed, the pre-oral meso- 
derm still lies clumped into a small median mass of cells in front of the stomo- 
daeum (Text-fig. 5 ; fig. 68, PL 6). But during the eighth day we find, in its 
place, a pair of closely apposed rounded cell masses, in which there is a just 
recognizable distinction between visceral and somatic wall, though a coelomic 
cavity never develops (fig. 67 a, PL 6; fig. 93, PL 8). 
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During the ninth day these diminutive somites disrupt into a single clump 
of cells, which fills the cavity of the clypeus (fig. 103, PI. 9). In later embryos 
we find these cells in process of elongation and conversion into the buccal 
dilator muscles (Text-fig. 7). The retractor of the clypeus (see section 15) 
probably also arises from this source. 

These somites are evidently the equivalent of the pre-antennary somites of 
Scolopendra (Heymons, 1901), Platyrrhacus (Pflugfelder, 1932), and Hanseniella 
(Tiegs, 1940), and correspond also to the pre-antennary (labral) somites 
described for various insects — Carausius (Wiesmann, 1926), Rhodnius 
(Mellanby, 1936), Locusta (Roonwal, 1937), but in accordance with the great 
reduction which the somites have undergone in Pauropus have here become 
reduced to vestiges, and are not associated with any recognizable appendages. 
In Symphyla, where the mesoderm is very generalized, they play a role in the 
development of the dorsal blood-vessel, for not only do the buccal dilator 
muscles arise from them, as in Pauropus, but they also give origin to the 
‘funnel’ of the aorta. In insects, on the other hand, the cephalic aorta arises 
wholly from the antennary mesoderm ; in the one instance in which the further 
development of the pre-antennary (labral) somites has been followed, they 
have been found to develop into labral musculature (Locusta, Roonwal, 1937). 
In Scolopendra also they do not seem to aid in the formation of the dorsal 
vessel. 

(ii) The Antennary Somites. These are the first somites to develop in the 
procephalon, and are also its largest. In embryos in which the rudiments of 
the antennae are just becoming perceptible in external view, the somites are 
seen in section, lying flattened out against the thickened epidermis of the 
developing appendages. They already show a clear distinction between a thin 
visceral and a thick somatic wall (fig. 59, PI. 5). 

With the ensuing migration of the antennae into a pre-oral position, these 
appendages begin to elongate and develop a cavity. Into the hollows of the 
antennae the somites fit. They no longer lie flattened against the epidermis, 
but have now assumed the form of mature somites (fig. 67 d, PI. 6), and a little 
later even display each a very minute coelomic cavity (fig. 60, PI. 5). 

Transformation of the somites proceeds along very simple lines. During 
the ninth day they disrupt each into a loose clump of cells, which multiply and 
completely obliterate the cavity of the elongating appendage (fig. no, PI. 9); 
out of these will form the muscles within the antennae. Other cells spread 
from the bases of the antennae backwards along the roof of the head, to the 
side of the protocerebral ganglia, and are the source of the tergal muscles of 
the antennae, and also, probably, of the large dorso-lateral muscles of the 
head (see section 15). 

The antennary mesoderm does not, as in Symphyla, contribute any cells 
to the formation of the stomodaeal musculature, and in accordance with the 
total suppression of blood-vessels it does not contain any vasoblasts. In this 
respect its development has evidently become much simplified, for its con- 
tribution to the formation of the vascular system in other myriapods and in 
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insects is very considerable. In Scolopendra , according to Heymons (1901), 
part of the cephalic aorta arises from it; in Symphyla it gives origin to the 
greater part of this vessel, including the antennary arteries, while in insects 
even the entire cephalic aorta develops from this source. 

(iii) The Pre-mandibular Somites. In embryos in which the stomodaeum 
has begun to invaginate, the pre-mandibular mesoderm becomes recognizable 
as a pair of flattened cell-masses that lie against the thickened ectoderm a little 
post-orally, and in line with the row of other developing somites (fig. 61, PI. 5). 
There does not seem to be any intervening ‘median mesoderm*. 

With the displacement of the pre-mandibular ectoderm that attends the 
development of the pre-oral cavity (cf. section 6 (ii) (6)), these masses of pre- 
mandibular mesoderm become drawn closer together, and now lie as a pair 
of rounded somites in a depression of the ectoderm immediately postero- 
lateral to the pre-oral cavity (Text-fig. 5; fig. 79, PI. 7). As the pre-oral 
cavity becomes better defined, they come to occupy a position completely 
lateral to it (fig. 67 d, PI. 6). 

Meanwhile the somites have begun to elongate, and within each a small 
cavity appears (fig. 62, PI. 5). During the eighth day each somite undergoes 
considerable elongation, growing backward into the cavity of the head to the 
side of the pre-oral cavity, on to the floor of the mandibular segment. The 
full extent of the elongating somite is to be seen in the succession of sections 
shown in fig. 67 C-F, PI. 6. It is also shown in single section in fig. 71, PL 6, 
from an embryo of about the same age, in which the section was accidentally 
orientated to traverse most of the length of the somite; to the right the large 
cell-mass is the inferior wall of the pre-oral cavity, to the left is the developing 
mandibular ganglion and its ‘ventral organ’. The prospective glandular 
nature of the somite is now plainly recognizable. Unlike the other somites of 
the procephalon, it does not disrupt, but continues to enlarge and becomes 
the pre-mandibular salivary gland. 

The later development of the pre-mandibular gland is described in section 
10 (ii). 

In the embryo of Scolopendra (Heymons, 1901), and Hanseniella (Tiegs, 
1940) comparatively well-developed pre-mandibular somites, furnished with 
coelomic cavities, are known, but they do not seem to have been recorded in 
any diplopod. Hoffman (1911) observed them in the embryo of the Collem- 
bolan Tomocerus y and even in primitive winged insects there are recognizable 
vestiges of them — Xiphidium (Wheeler, 1893), Forficula (Heymons, 1895), 
Carausius (Wiesmann, 1926), Locusta (Roonwal, 1937). But in the higher 
order of insects they are reduced to mere' cell-aggregations. Their actual 
conversion into recognizable segmental organs is at present known only for 
Pour opus and Hanseniellay though Wheeler and Heymons had recognized the 
vestige of such an organ in the developing sub-oesophageal bodies and ‘lym- 
phoid tissue’ of Xiphidium and Scolopendra respectively. 

(iv) The Mandibular Somites. Like the developing somites of the antennary 
segment, the mandibular somites lie at first flattened out against the thickened 
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epidermis from which the associated appendages are beginning to form. 
Between them is some ‘median mesoderm’. As the mandibles develop the 
somites take definite shape, and now show a well-formed visceral and somatic 
wall (fig. 79, PI. 7). They fill the diminutive hollows of the growing mandibles, 
and are rather larger than most of the other somites. Within each a minute 
coelomic cavity appears (figs. 67 f, PL 6; figs. 80, 81, PL 7). In this condition 
they remain longer than the immediately adjacent maxillary and pre-mandi- 
bular somites, for these are to be seen in process of conversion into their 
respective glands, while the mandibular somites are still intact. 

Transformation of the somites begins during the eighth day, and from them 
there arises nothing but the mandibular musculature. The manner of develop- 
ment of this musculature is bound up with the formation of the hypopharyn- 
geal apophyses and with the peculiar character of the mandibles themselves, 
which in the adult Pauropus have each a long blade-like apodeme invaginated 
deeply into the head-capsule (cf. section 6 (ii) (b)). The formation of the apo- 
demes begins in the 9-day embryo, by the ingrowth of the ectoderm around 
the lateral margins of the appendages. The form of this ingrowth will readily 
be visualized by reference to fig. 70, PL 6, and fig. 1 10, PL 9; fig. 70 has been 
drawn from a section that passes transversely through the floor of the maxil- 
lary segment, while fig. no is from a section cut ‘horizontally’ through the 
floor of the segment, i.e. from a frontal section of the head. 

This ingrowth of the mandibular apodeme is already seen in the earlier 
embryo shown in fig. 69, PL 6; the outlines of the somite are still recognizable 
in this embryo, even though the coelomic cavity has disappeared. But in the 
more advanced embryos shown in fig. 70, PL 6, and fig. no, PL 9, it has 
disrupted into an unorganized clump of cells, which, increasing in quantity, 
are in process of being drawn into the cavity of the head with the ingrowing 
apodeme. 

The further development of the musculature of the mandible is described 
in section 15 (6) (i). 

In all those myriapods that have been adequately examined on this point, 
a well-developed mandibular coelomic sac has been found — Scolopendra 
(Heymons, 1901)* Julus (Heathcote, 1888), Platyrrhacus (Pflugfelder, 1932), 
Hanseniella (Tiegs, 1940); even in Orthoptera a large coelomic sac is present 
in this segment (Wheeler, 1893; Heymons, 1895; Wiesmann, 1926; Roonwal, 
1937), though in higher insects it tends to disappear. In giving origin to the 
mandibular musculature, the somite in Pauropus conforms to the general 
scheme for other myriapods and insects ; but in other respects it has evidently 
undergone much simplification, for in addition to the absence of any vasoblasts 
in its walls, it does not contribute any splanchnic mesoderm to the wall of the 
mid-gut or fore-gut. 

(v) The Maxillary Somites. By the seventh day the first indication of the 
maxillary somites has become evident, by the accumulation of the mesoderm 
of the segment into two masses, which are separated by a narrow band of 
unsegmented median mesoderm (fig. 63, PL 5). During the course of the day 
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the segment grows in width; its ganglionic thickenings begin to form, and 
thereafter the developing somites move into a more lateral position in the seg- 
ment, into the place where the maxillae will soon appear (fig. 64, PI. 5). They 
lie, indeed, considerably more to the side than do the somites that precede 
them (Text-fig. 5 ; fig. 67 f, PI. 7). Within each a thick somatic wall and a thin 
visceral wall of flattened cells are distinguishable (fig. 64, PI. 5 ; fig. 79, PI. 7). 
Thereafter, as the maxillae begin to form, they become more rounded, and 
develop each a small coelomic cavity, and therewith attain the height of their 
development. 

Their transformation sets in unusually quickly. From the hinder end of 
each somite a tubular ingrowth, with just perceptible lumen, begins to grow 
in the direction of the yolk. These elongating somites are a characteristic 
feature of all embryos during the eighth day, and serve as a ready means for 
identifying the maxillary segment in sections (fig. 67 F, PI. 7; fig. 80, PL 7). 

Before long the somite becomes converted into a plainly recognizable gland 
rudiment. It is the maxillary (salivary) gland. It is now a narrow tube, with 
just perceptible lumen, and is completely doubled on itself (Text-fig. 7). At 
its lower end, occupying the hollow of the developing maxilla, is the remains 
of the somite (fig. 88, PI. 7) ; this has itself become rather enlarged, mitoses are 
not infrequent among its cells, but the characteristic cell-disposition of the 
original somite is much obscured. 

In parasagittal sections the separation of this clump of cells from the base 
of the tubular gland-rudiment is becoming apparent (fig. 81, PI. 7). The 
lower end of the gland is now seen to be situated between the maxilla and the 
mandible, but has not yet acquired an opening to the exterior. The clump of 
cells that is separating from it comprises myoblasts for the formation of the 
maxillary musculature, and these occupy the cavity of the maxilla. 

In appropriately cut sections of more advanced embryos we find the lateral 
margin of the maxilla growing into the cavity of the head, to form an apodeme, 
similar to that of the mandible, but much smaller (figs, no, 115B, PI. 9). 
The mass of myoblasts has now separated away completely from the gland 
rudiment; some of them remain within the maxilla, but others become drawn 
farther into the cavity of the head by the ingrowing apodeme. 

The further development of the salivary gland and of the muscles of the 
maxill^ is described in sections 10 (iii) and 15 ( b ) (i). 

In all myriapods and primitive insects that have been properly investigated, 
a well-formed maxillary coelomic sac has been found. In Julus (Heathcote, 
t888) a nd Hanseniella (Tiegs, 1940), the tubular salivary gland has been found 
to arise from it, as in Pauropus . The recent work of Fahlander (1938) suggests 
the probable occurrence of mesodermal glands also in Scutigera and Lithobius y 
but embryological observations on these forms are still lacking; on the other 
hand, in Scolopendra Heymons’ observations (1901) reveal the presence only 
of ectodermal maxillary glands, as in insects. In other respects, however, this 
somite in Pauropus seems to have undergone simplification, for it does not 
supply any splanchnic mesoderm to the alimentary canal. 
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(vi) The Somites of the Collum Segment. The first sign of these somites is 
encountered on the sixth day, when the mesoderm of the narrow collum seg- 
ment becomes heaped up into two masses, with a little intervening median 
mesoderm (fig. 65, PI. 5 ; drawn from the same embryo as fig. 63, PI. 5). 

With the development of the collum ganglion, the segment widens, and 
the somites move farther to the side (fig. 66, PI. 5). Here they lie in a depres- 
sion of the ectoderm, but of appendages there is no trace whatever. The 
mature somites are rather smaller than those of the adjacent segments, and 
at no time show any coelomic cavity (fig. 66, PI. 5; figs. 79, 81, PI. 7). 

In this condition they survive well into the eighth day. Thereafter they 
disrupt into an unorganized clump of myoblasts which lie to the side of the 
ganglion (fig. 89, PI. 7), and provide the material from which the muscles of 
the collum segment will form. 

Although the collum segment is the equivalent, in position, of the labial 
segment of insects, the transformation of its somite has proceeded along 
remarkably simple lines ; for it does not contribute any splanchnic mesoderm 
to the mid-gut wall, nor is there any indication of a process that might be 
regarded as the vestige of the formation of a segmental organ. In Collembola, 
on the other hand, according to Philiptschenko’s work on Isotoma (1912), a 
labial salivary gland arises from it. 

(vii) The Somites of the Second, Third, and Fourth Abdominal (Three Leg- 
bearing) Segments. In the region of the leg-bearing segments the germ-band 
is, during the seventh day, much wider than in the collum segment. The 
quantity of mesoderm is here also greater; it is, however, not so heaped up, 
but lies flattened out against the adjacent ectoderm. This is well seen in fig. 
74, PI. 7, which represents a section through the second abdominal segment, 
and from the same embryo as shown in figs. 63, 65, PL 5. Between the lateral 
accumulation of mesoderm is a little median mesoderm. 

In rather older embryos we find the paired masses of mesoderm in process 
of conversion into somites (fig. 75, PI. 7). They still lie flattened out against the 
ectoderm, but there is already evident an alignment of the cells which fore- 
shadows that of the future somite. 

In the section shown in fig. 67 B, PI. 6, these flattened cell-masses are becom- 
ing rounded off, and have now assumed the form of mature somites, both 
visceral and somatic walls being distinguishable, though coelomic cavities 
have not yet appeared. 

By this time recognizable ganglion rudiments are present in the abdominal 
segments. With the enlargement of these, the somites, as in the more anterior 
segments, become forced more to the sides, where they are now lodged in 
depressions of the ectoderm. From this ectoderm the legs are now in process 
of forming (fig. 76, PI. 7). 

Lodged thus in the hollows of the appendage rudiments, the abdominal 
somites often develop each a small coelomic cavity. In fig. 76, PL 7 (right 
side), is shown the coelomic cavity of the somite of the fourth abdominal 
segment of a late 8-day embryo, and in fig. 81, PL 7, all the somites of the 
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abdominal segments display such a cavity. Yet frequently the somites seem 
to remain permanently devoid of one, and at times even the visceral wall can- 
not be distinguished (fig. 76, PI. 7, left side), its nuclei being withdrawn to the 
sides of the somite. 

In parasagittal sections small bridges of intersegmental mesoderm may be 
seen between the somites (fig. 81, PI. 7); but the minute cavities of successive 
somites are not continuous through these bridges. 

As the limb-buds grow, the lower ends of the somites become drawn out 
with the elongating appendages, and therewith the regular cell-alignment of 
the somite wall begins to disappear (fig. 77, PL 7). This is the first stage in the 
disruption of the somites. 

In rather more advanced embryos the somites break down wholly into 
masses of cells, which fill the hollows of the appendages, and extend from 
the bases of the appendages medially on to the developing ganglia (fig. 78, 
PL 7), while between successive somites the quantity of mesoderm has also 
begun to increase. From all this large mass of cells there arise solely myoblasts 
for the formation of the musculature of the abdominal segments. The develop- 
ment of this is described in section 15. 

The most surprising feature of these somites is that they do not supply any 
splanchnic mesoderm to the wall of the mid-gut. This seems to be quite 
unique among myriapods and insects. 

(viii) The Somites of the Fifth Abdominal and Anal Segments: the Teloblastic 
Mesoderm. The fifth abdominal and anal somites may conveniently be 
considered together. They differ from all the preceding somites in their 
relatively late appearance, for they do not develop until the ninth day, when 
most of the other somites are already in process of disruption. 

Up to the eighth day, when all the ihore anterior somites have already 
appeared, the mesoderm of these segments is still an undifferentiated mass of 
cells that extends back from the fourth abdominal segment to the hind end of 
the germ-band, encircling the proctodaeum. It may be seen in Text-figs. 5 
and 7, and in fig. 83, PL 7, the latter being a section cut transversely through 
the fifth segment, a little in front of the proctodaeal opening. 

A similar section through a 9-day embryo (fig. 84, PL 7) shows that the 
mesoderm has spread out across the floor of the segment. Its most striking 
feature is now a single large primordial germ-cell, lodged at its middle, with 
an investment of sheath cells. This germ-cell has not hitherto been distin- 
guishable, and it is therefore impossible to determine whether it is itself an 
immigrant, into the mesoderm or whether it has arisen directly from the latter. 
At this period, also, there is to be seen a tendency for the mesoderm to develop 
a pair of lateral thickenings, and a section through an embryo only a little more 
advanced shows that these thickenings are the developing fifth abdominal 
somites (fig. 85, PL 7). In longitudinally cut embryos these somites are seen 
to lie immediately to the rear of the fourth abdominal somites; they are, how- 
ever, considerably smaller than these, and do not display a coelomic cavity 

(fig. 82, PL 7). 
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After the formation of the fifth pair of abdominal somites, yet another 
pair develops to the rear of these, a little postero-lateral to the procto- 
daeum. These are even smaller than the fifth somites, and do not con- 
tain a coelomic cavity. They are the somites of the terminal (anal) segment 
(fig. 82, PI. 7). 

In the advanced embryo the fifth somites break down each into an irregular 
clump of cells (fig. 86, PI. 7), out of which the musculature of the segment 
later develops (see Post-emb. Dev., sections 2, 3). The anal somites also 
disrupt, and may be seen in late embryos as two clumps of mesoderm 
cells ventro-lateral to the rectum (Text-fig. 8). It is probable that these 
small clumps of anal mesoderm give origin to the ‘occlusor ani* muscles, 
two small muscles lying to the sides of the anal opening and by their con- 
traction pressing the lamina subanalis and lamina supranalis together (see 
Text-fig. 26). 

After formation of the somites an unusually large amount of mesoderm 
remains heaped up around the single primordial germ-cell (fig. 85, PI. 7). 
Only a small portion of this mesoderm is actually used in the subsequent 
development of the genital rudiment ; the greater part of it separates away and 
moves into a more lateral position against the body-wall, where it is recogniz- 
able in the pupa as the material from which the mesoderm of the teloblastic 
segments will be generated in the larva. I shall refer to it as the ‘teloblastic 
mesoderm* (fig. 87, PI. 7); see further, Post-emb. Dev., section 3. 

(ix) General Remarks on the Somites . In Pauropus the somites are remark- 
able among myriapods for their extreme simplicity. Bearing in mind the 
strongly developed coelomic sacs of other myriapods, of primitive insects, and 
of Peripatus , this simplicity must almost certainly be attributed to reduction, 
and is evidently correlated with the absence of a cardiac Anlage in the embryo. 
The absence of vestigial coelomoducts is also noteworthy, for these are present 
in Hanseniella and in many primitive insects. 

The failure of the somites to contribute any splanchnic mesoderm to the 
intestinal wall is also remarkable, and seems, indeed, to be unique among 
myriapods; but this, in turn, is doubtless a simplification, and is apparently 
associated with the failure of the somites to spread over the mid-gut wall, 
where the process of heart-formation along its dorsal surface is in abeyance. 
That the dorsal-longitudinal muscles arise from cells that were never part of 
the somites (see section 7) probably has a similar explanation. The impression 
is, indeed, given that the whole history of the somites has been most profoundly 
affected in Pauropus by the dwarfing of the body, and its secondary effects on 
the vascular system. 

Despite the vestigial character of the somites, it is noteworthy that they do 
not undergo obliteration in any segment; there is nothing comparable with 
the partial or even complete loss of somites that we find in the embryos of the 
more specialized orders of insects. 

The failure of the somites to contribute to the formation of fat-body is 
not unexpected, for this is encountered also in Symphyla and, judging by 
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Heathcote’s fragmentary work (1888), in the Diplopoda (Julus). Only in chilo- 
pods and insects does the fat-body arise from the somites. 

9. The Alimentary Canal and Malpighian Tubes 

(a) Adult Anatomy. The fore-gut is a simple narrow tube, which joins the 
mid-gut in the third abdominal segment. Its hind end is sometimes consider- 
ably expanded (Text-fig. 16 b), and an oesophageal valve is present, though 
seldom very pronounced (Text-fig. 6 d). The fore-gut is composed of a simple 
flat epithelium, lined throughout by chitin. Its musculature is weak, there 
being a layer of circular fibres, and external to these a just perceptible sheath 
of longitudinal fibres. The oesophageal dilator muscles are referred to in 
section 15. 

The mid-gut is a simple sac, which extends from the third abdominal seg- 
ment almost into the eleventh (pre-anal) segment. Its sides and roof are com- 
posed of relatively very large cells, with rather deeply staining cytoplasm, and 
very large nuclei, and lined internally with a ‘honey-comb’ border. The 
cytoplasm of these cells is heavily charged with coarse refringent concretions 
(Text-fig. 6 a), and these may, at times, be present in such quantity as almost 
wholly to obscure the cytoplasm; sometimes, however, the concretions are 
completely absent, having evidently been shed in mass, and in such cases the 
deeply staining cytoplasm of the cells is especially apparent (Text-fig. 6 b). 
These concretions are not artifacts, as some writers have suspected, for they 
are readily seen in animals freshly teased in saline. As Schmidt (1895) cor- 
rectly observed, individual concretions are continually being discharged into 
the lumen of the mid-gut, and animals are sometimes met with in which they 
form a large massive bolus, eventually to be extruded through the anus (Text- 
fig. 6 c). There can be little doubt that the concretions are a waste product. 
The mid-gut epithelium is therefore the principal excretory organ in Pauropus y 
for the Malpighian tubes do not seem capable of eliminating waste sub- 
stances, and only seldom is there any evidence for the storage of such 
material in visible form in the fat-body. The concretions are evidently a 
product of the animal’s own metabolism, for they begin to accumulate even 
in the embryo. 

In reflected light they are white. They do not show the usual radial stria- 
tion of uric acid crystals. I have examined their solubility by sealing whole 
intestines, extracted from freshly killed animals, in depression slides ringed 
with vaseline (the intestine can, with practice, be drawn out in one piece by 
pulling upon the oesophagus). They are insoluble in water, alcohol, 4 per 
cent, caustic soda, and 10 per cent, acetic acid. In 10 per cent, ammonia they 
disappear within 2-3 hours, and in 10 per cent, hydrochloric acid within a 
few minutes. It is clear that they cannot be pure uric acid, though they may 
well be some urate. From a batch of 15 extracted intestines, from which the 
hind-gut with Malpighian tubes were removed, I have obtained a positive, 
though weak, Benedict test for uric acid. Traces of adhering fat-body could 
hardly be the source of the urate, for an equal number of whole animals gave 
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Text-fig. 6. Histology 7 of Adult Alimentary Canal. 

All figures drawn to scale, except e, which is half that of the others, a. Transverse section 
through mid-gut, showing concretions, b. Similar section, from which the concre- 
tions have been discharged, c. Section along junction of mid-gut and hind-gut, from 
a ‘horizontally’ cut animal ; within the mid-gut is a large bolus of discharged concre- 
tions; both Malpighian tubes are present in the section, one cut transversely, the 
other longitudinally. i>. Sagittal section along junction of oesophagus and mid-gut. 
E. Sagittal section along hind end of abdomen, to show structure of rectum. F. Frag- 
ment of a section grazing the mid-gut wall, to show the muscle-fibrils, g. Portion 
of unusually well-developed Malpighian tube. H. Portion of Malpighian tube to 
show terminal ‘glandular’ portion. 

Lettering, a anus; c chitin sheath; cd.sy caudal sympathetic ganglion; co colon; 
g.s stomachic ganglion; il ileum; m.t Malpighian tube; oes.v oesophageal valve; p.s 
pyloric sphincter; r rectum; r.v rectal valve; t.g terminal ganglion of ventral nerve- 
cord. 
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a positive test of no greater intensity. In one animal I have seen the extrusion 
of many concretion-laden cells from the intestinal epithelium into the lumen, 
and such cells are possibly the source of the animal remains occasionally 
found within the mid-gut. 

The floor of the mid-gut is formed of cells of quite another kind. They are 
much larger even than the foregoing cells, but their cytoplasm is highly 
vacuolated and feebly staining ; they are devoid of a striated border, and never 
display any concretions (Text-fig. 6 a, b, d). This structural differentiation of 
the mid-gut wall points to a separation into absorbtive and digestive zones, 
the latter having in addition an excretory function. 

At the hindermost tip of the mid-gut the character of the epithelium 
changes, and its cells now resemble those of the most anterior part of the hind- 
gut (Text-fig. 6c). They are devoid of concretions and of a striated border, 
the cell-nuclei are not exceptionally large, and the cytoplasm of the cells is 
heavily charged with deeply staining granules. 

The mid-gut musculature is weakly developed, being, indeed, difficult to see. 
In sharply stained sections that graze along the outer surface of the mid-gut 
wall, a system of extremely fine striated fibrils can be seen; they run in all 
directions, and seem to be themselves devoid of nuclei (Text-fig. 6f). As far 
as I have been able to observe, they are fibrillar differentiations, within a 
nucleated sheath of cytoplasm which encloses the entire mid-gut (Text-fig. 
6 a, b). Despite their fineness, these fibrils may impart a strong churning 
movement to the intestinal wall, this being readily visible, on occasion, 
through the transparent body- wall of the animal. 

A sphincter separates the mid-gut from the hind-gut. The most anterior 
part of the latter shows heavily granulated cells, and this points to some 
digestive function. Beyond this pyloric region is a short ‘ileum’ , with strongly 
developed ‘brush border’. Then follows a short weakly muscular ‘colon’, 
whose end is invaginated, as a ‘rectal valve’ into the rectum (Text-fig. 6 e). 
The latter is spacious, and, as usual, strongly muscular. The chitin of the hind- 
gut does not extend beyond the rectum. 

There is a single pair of Malpighian tubes lying along the ventro-lateral 
surface of the mid-gut (Text-fig. 26), and extending forward almost into the 
third abdominal segment. They are not separately connected to the hind-gut, 
but are attached to a short outgrowth from the latter (Text-fig. 6 c). A lumen 
is always present, and it traverses the whole length of each tube ; it does not, 
however, open into the hind-gut, but ends blindly. The microscopic struc- 
ture of the Malpighian tubes presents much variation; in exceptional cases 
their structure may almost recall that of a normal Malpighian tube, though 
I have never met any that show a striated border (Text-fig. 6 g). But usually 
their constituent cells are heavily vacuolated, pale, and scarcely stainable, and 
give obvious evidence of atrophy (Text-fig. 6 c, h). The terminal part of each 
tube, for the length of nearly a segment, shows a different structure: its cells 
are smaller, the nuclei being much more closely approximated, and it presents 
the appearance of glandular tissue, though degenerated, and quite unlike the 
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rest of the Malpighian tube (Text-fig. 6 h); see further, Post-emb. Dev., 
section 4. 

(6) Development 

(i) The Fore-gut. Stomodaeum formation is sometimes encountered while 
the germ-band is still in process of differentiation out of the blastoderm, 
though in most embryos it is delayed till after the germ-band has formed. 
By the sixth day it is always present. 

It arises as a small conical thickening of the ectoderm (fig. 54, PI. 5), only 
a small distance from the anterior tip of the germ-band. By the parting of its 
cells a lumen now appears within it, its elongate slit-like orifice being readily 
seen in entire embryos (figs. 23, 24 B, PI. 2). The inferior wall of the stomo- 
daeum is markedly thinner than the superior wall (Text-fig. 5). 

As the stomodaeum elongates, it acquires a loose sheath of investing meso- 
derm cells, which become the source, not only of the fore-gut musculature, 
but of that of the mid-gut as well. These cells migrate on to it from the im- 
mediately surrounding mesoderm, at the time when the somites are develop- 
ing (fig. 59, PI. 5; Text-fig. 5); the subsequent disruption of the somites that 
takes place during the ninth day does not, as far as I have been able to observe, 
yield any additional cells to the wall of the fore-gut. 

During the eighth day the inner blunt end of the stomodaeum comes into 
contact with the clump of yolk-laden endoderm in the middle of the egg 
(fig. 67 D, PI. 6). The mesodermal investment of the fore-gut has now greatly 
enlarged, and accumulates as a thick ridge of cells along its upper surface 
(Text-fig. 7). 

In more advanced embryos this dorsal heaping up of mesoderm again 
diminishes, for many of its cells migrate on to the wall of the mid-gut. Others 
spread down to invest the lateral and ventral walls of the fore-gut (fig. no, 
PI. 9). This complete investment of the fore-gut by mesoderm is found chiefly 
towards its hinder end, and provides the cells from which the large oesopha- 
geal dilator muscles will develop. The formation of these is described in 
section 15 ( b ) (i). Only a small part of the mesoderm remains on the fore-gut 
itself, and out of it will develop, in the late pupa, the feeble oesophageal muscu- 
lature. 

In the advanced embryo the inner tip of the fore-gut is sometimes seen 
intruding, as an oesophageal valve, into the cavity of the mid-gut (Text-fig. 
8). Even in pupae the hind end of the oesophagus is still closed (Text-fig. 9); 
it does not, indeed, seem to open into the mid-gut cavity till shortly before 
the larva emerges. 

(ii) The Hind-gut. In most, though not all, embryos the proctodaeum arises 
a little later than the stomodaeum. Like the latter, it very soon develops a 
lumen, and acquires an investing sheath from the adjacent mesoderm (Text- 
fig- 5 ; fig- 5 8a > P1 - 5 )- 

By, the ninth day its blind tip has come into contact with the central yolk- 
laden mass of endoderm (Text-fig. 7). Hitherto it has remained a simple 
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Text-fig. 7. Nine-day embryo bisected (see footnote to Text-fig. 5). The section is 
taken slightly to the side of the ventral mid-line, in order to show the ‘ventral organs*. 
The stomodaeum and proctodaeum have grown in length, and have come in con- 
tact with the endoderm, which is now sharply delimited from the rest of the mass 
of yolk-cells (fat-body). The somites, which by this time are disrupting, are not 
visible, for they lie to the side of the row of developing nerve-ganglia ; the anal and 
fifth abdominal somites have not yet formed. The maxillary (salivary) gland is con- 
spicuous, and shows the beginning of an ‘end-sac*. The Malpighian tubes are 
forming. The ‘dorsal organ’ is at the height of its development. ‘Ventral organs’ 
are shown from the pre-mandibular to the fourth abdominal segment. The over- 
lying ganglia are becoming larger, and successive ganglia are already partly fused. 

Lettering, b.d.m developing buccal dilator muscles; d.o ‘dorsal organ’; e endoderm; 
e.s ‘end sac* of salivary gland ;f.b fat-body; g ganglionic tissue; m.mes median meso- 
derm; m.t Malpighian tube; mes.an mesoderm of anal segment; pr proctodaeum; 
pr.mes proctodaeal mesoderm; pr.p posterior lobe of protocerebrum; sal salivary 
gland; st stomodaeum; st.mes stomodaeal mesoderm; undif.mes mesoderm not yet 
differentiated into somites; v.o.ab 2 ^ y v.o.c, v.o.mn, v.o.mx y v.o.pm > ‘ventral organs* 
of second to fourth abdominal, collum, mandibular, maxillary, and pre-mandibular 
segments respectively. 


undifferentiated ingrowth, with narrow lumen, and with a single layered in- 
vestment of mesodermal cells (fig. 83, PI. 7; fig. 103, PI. 9). But now signs of 
differentiation appear within it, the lumen becoming wider, and a terminal 
rectal chamber being seen in process of development. The mesodermal invest- 
ment has now increased in thickness (fig. 1 13, PI. 9). 
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In the advanced embryo the ‘rectal valve* (Text-fig. 8) appears. If we com- 
pare Text-fig. 8 with fig. 113, PI. 9, we see that the rectal valve does not arise 
as an ingrowth of the hinder end of the colon into the rectum, as might have 
been expected, but that it is a differentiation within the terminal chamber 
itself; for the walls of this chamber are two cell-layers in thickness, of which 
the inner layer, by separation, forms the valve. 

Subsequently cells from the investing mesoderm spread down over the 
enlarging rectum, and are probably the main source of its powerful muscula- 
ture. Whether additional cells are derived from the disruption of the anal 
somites is uncertain. 

The hind-gut does not acquire an opening into the mid-gut cavity until 
shortly before the larva emerges. 

(iii) The Mid-gut. The mid-gut epithelium develops chiefly out of the yolk- 
laden endoderm cells of the gastrula. The development of the endoderm has 
been described in section 2. 

By the time the germ-band is forming, the endoderm cells have usually 
begun to acquire a richer content of cytoplasm, and therewith the yolk begins 
gradually to disappear. Like the partitions between the yolk-pyramids, the 
membrane delimiting the endoderm has now also broken down, and the 
cytoplasm of the latter seems to be directly continuous with that which en- 
meshes the remainder of the yolk (Text-fig. 5 ; fig. 52, PL 5). Not more than 
two nuclei are present within the endoderm; they are unusually large with 
prominent nucleoli, and are easily distinguishable from the nuclei of the ‘yolk- 
cells’. They generally lie closely together, and therefore often appear in one 
and the same section (fig. 58 b, PI. 5). 

The cytoplasm of the endoderm cells is, at this stage, often seen to be 
crowded with small, rounded or rod-shaped inclusions, staining weakly with 
haematoxylin (fig. 54, PI. 5). Their nature is uncertain; they do not seem to 
be parasitic organisms. I have never seen them in later embryos. 

During the next few days the yolk continues to disappear from the 
endoderm cells. But the latter multiply only very slowly, and even by 
the eighth day not more than five or six can be counted. With increase in 
number they decrease in size, and come to resemble more and more closely 
the adjacent ‘yolk-nuclei’. Their cytoplasm does not appreciably increase 
in quantity, and they form a loose reticulum of cells without detectable 
cell- walls. 

During the ninth day the endoderm cells, now about ten in number, 
shrink from one another, and so come to enclose a spacious but irregular 
cavity within the middle of the yolk. This is the lumen of the future mid-gut 
(Text-fig. 7; figs. 103, 104 A, PI. 9). Its limits are usually difficult to make 
out, for in the adjacent yolk large and irregular vacuoles are also present; 
and, moreover, the mid-gut cells can no longer be distinguished with certainty 
from yolk-cells which may lie in the neighbourhood. With this rather vaguely 
outlined mid-gut Anlage the tips of the stomodaeum and proctodaeum are 
now in contact. 
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Text-fig. 8. Advanced embryo, bisected. (See footnote to Text-fig. 5.) 

The body-wall has now been completed ; note intersegmental grooves on mid-dorsal surface. 
The endoderm is now roofed over by splanchnic mesoderm; the endoderm cells, still 
highly vacuolated, are in process of forming a mid-gut, into whose cavity the fore-gut 
intrudes as an oesophageal valve. In the hind-gut the rectum, with intruding rectal 
valve, has appeared. The yolk-cells that are excluded from the mid-gut are the developing 
fat-body. The salivary gland extends almost to the tip of the hind-gut. The intermaxil- 
lary gland is in process of development. Of the Malpighian tube only a small part is 
visible, for it lies to the side of the mid-gut. The genital tube has appeared and con- 
tains a single germ-cell. In the brain the protocerebral and deutocerebral ganglia, with 
commissures, are seen; only a fragment of the tritocerebral ganglion is visible, for most of 
it lies to the side of the oesophagus. The ganglia of the ventral nerve-cord have fused, the 
successive ganglia projecting up to the side of the neuropilem. A fifth abdominal ganglion 
has separated from the teloblastic ganglion, and is showing ‘ventral organ’ structure; a 
minute anal ganglion is apparently present. In the visceral nervous system the oeso- 
phageal ganglion and the developing frontal and stomachic ganglia are recognizable. 

Lettering, c.deut deutocerebral commissure; c.t.i inferior tritocerebral commissure; 
c.prot protocerebral commissure ;/. b fat -body; g.a anal ganglion; g.ab a , 3 , 4 , 6 ganglia of 
the second to fifth abdominal segments; g.c ganglion of collum segment; g.fr frontal 
ganglion ; g.rrtn mandibular ganglion ; g.mx maxillary ganglion ; g.oes oesophageal ganglion ; 
g.pm pre-mandibular (tritocerebral) ganglion; g.st stomachic ganglion; g.t rudiment of 
genital tube; g.tjhl teloblastic ganglion; i.mx.gl intermaxillary gland; m.g mid-gut; m.g.p 
proctodaeal component of mid -gut epithelium; mn mandible; m.t Malpighian tube; mx 
maxilla; o.a.tn developing occlusor ani muscle ; />. g.c primordial germ cell; r.v rectal valve; 
r epidermal septum between right and left pre-antennary ganglia; sal salivary gland; s.c 
setigerous cell; sp.mes splanchnic mesoderm; st.mes stomodaeal mesoderm; x interseg- 
mental groove delimiting posterior end of collum segment. 


Meanwhile the mesoderm of the mid-gut has become evident. It arises in 
a most unusual manner, for it develops not from the somites, but from the 
mesoderm that lies heaped up along the dorsal wall of the stomodaeum. 
During the ninth day this mesoderm begins to grow backwards over the 
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Text-fig. 9. Pupa, bisected. (See footnote to Text-fig. 5.) 

The principal organs of the pupa show little advance over those depicted in Text-fig. 8. 
As in the latter figure, the splanchnic mesoderm has been drawn as an arching roof to the 
mid-gut, but to simplify the drawing no attempt has been made to indicate the lateral 
wall of mid-gut epithelium. Note the contrast between the very reticular endoderm cells 
on the floor of the mid-gut and the relatively firm endoderm cells that form its roof. 

Lettering . b.a.s.o basal antennal sense organ ; c.prot protocerebral commissure ; c.s collum 
segment; c.t.i inferior tritocerebral commissure; deut deutocerebrum; e endoderm cells 
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mid-gut cells (fig. 103, PI. 9), while at the same time it spreads down to invest 
them laterally; only the rpost ventrally situated mid-gut cells remain free 
from investing mesoderm. This arching roof of splanchnic mesoderm is 
shown in fig. 89, PI. 7, and in Text-figs. 8 and 9. 

The character of the mid-gut cells now begins to change (fig. 89, PI. 7). 
They have increased to about twenty in number. Those mid-gut cells that 
lie beneath the investing layer of splanchnic mesoderm, and from which the 
roof and lateral walls of the mid-gut will develop, are now in process of form- 
ing a loose epithelium; the cytoplasm retains its feebly staining character, but 
is beginning to acquire a firmer texture, and it is now completely denuded 
of yolk. The floor of the mid-gut, on the other hand, is still constituted by 
large irregularly reticulate cells, within which yolk-grains are present, though 
in diminished numbers. Sometimes a degenerated yolk-laden cell may be 
present within the lumen of the mid-gut (fig. 103, PI. 9). 

In more advanced embryos the mid-gut epithelium acquires a firmer charac- 
ter, and therewith the distinction between floor- and roof-cells becomes very 
apparent (fig. 107, PI. 9). In the roof-cells the cytoplasm is becoming darker 
and more dense, and the refringent concretions may already be present in 
considerable numbers. The floor-cells have lpst their last remnant of yolk, 
and have merged into the general contour of the mid-gjit wall. Their cyto- 
plasm is still highly reticular and feebly staining, and they are devoid of con- 
cretions. There is no splanchnic mesoderm associated with them. In this 
condition the mid-gut epithelium remains until well into the pupal period 
(fig. 108, PI. 9). 

In the late pupa the development of the mid-gut wall is completed. The 
roof-cells enlarge, their nuclei acquire large nucleoli, and a striated border 
appears. The floor-cells, on the other hand, remain free from any trace of 
concretions ; nor does a striated border form. The splanchnic mesoderm now 
completely invests the mid-gut, having spread under the floor-cells (fig. 109, 
P1 -9). 

The hindermost end of the mid-gut wall has an entirely different origin. 
In the fully developed intestine this terminal portion of the mid-gut resembles 
the most anterior portion of the hind-gut (Text-fig. 6 c), pointing therefore to 
a probable derivation from the proctodaeum of the embryo, and not from 
endoderm cells. This is readily confirmed when embryos after about the 
ninth day are examined. In fig. 113, PI. 9, for example, may be seen the 
participation of the most anterior part of the proctodaeum in the formation 
of the mid -gut wall, the distinction between its cells, and the faintly staining 


on floor of mid-gut ; e.v exsertile vesicle ; f.b fat-body ; g.ab& fifth abdominal ganglion ; g.fr 
frontal ganglion; g.oes oesophageal ganglion; g.st stomachic ganglion; g.t genital tube; 
g.tbl teloblastic ganglion ; h.a hind tip of hypopharyngeal apophysis, bending round the cir- 
cum-oesophageal connective; i.mx.gl intermaxillary gland; m.mes median mesoderm 
(this now forms the median band of neuroglial tissue); m.t Malpighian tube; mn 
mandible; mx maxilla; n.a antennal nerve; n.mx maxillary nerve; o.a.m occlusor ani 
muscle; oes.d.m oesophageal dilator muscle; prot protocerebrum; r.v rectal valve; si 
superlingua; sp.mes splanchnic mesoderm of mid-gut. 
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reticular endoderm cells, being very evident. The proctodaeal component of 
the mid-gut epithelium is seen also in Text-fig. 8 and fig. 114, PI. 9. The 
incorporation of some proctodaeal cells into the mid-gut wall is well known 
for some insects, where it may have the effect of drawing even the orifices of 
the Malpighian tubes into the mid-gut. 

(iv) The Malpighian Tubes. These arise, during the ninth day, as a pair of 
outgrowths from the anterior end of the proctodaeum, and are at first without 
a lumen (figs. 106, 113, PI. 9). They grow forward on either side of the 


Text-fig. 10. Clypeal glands. The drawing represents a frontal section of the head of 
a second instar larva, and shows the glands for their entire length. 

Lettering, a base of antenna ; hr brain ; c.g clypeal gland ; f.g fragment of frontal, 
(visceral) ganglion : the greater part of the ganglion lies dorsal to the section ; 
i.b.d.m inner buccal dilator muscle; m mandible; o orifice of clypeal gland; 
o.b.d.m outer buccal dilator muscle. 



developing mid-gut, and in the late embryo extend almost the full length of 
the latter. By this time a lumen has appeared within them (figs. 107, 108, PI. 
9). In the relatively large size and texture of cytoplasm of their cells they 
present, at this time, the appearance of normal developing Malpighian tubes. 

Early in the pupal period we see the first sign of the differentiation of the 
Malpighian tubes into a terminal part of more crowded darker cells, and a 
middle part in which the cells are already paler, with more widely dispersed 
nuclei, while at the proximal end of the tube a region with rather more crowded 
nuclei is seen, representing the zone of future cell-proliferation (fig. 114, 
PI. 9). By the end of the pupal period the distinction has become more marked 
(fig. 133, PI. 10). 

The retrogression of the Malpighian tubes falls within the larval period; 
see Post-emb. Dev., section 5. 

10. The Glands 

(i) The Clypeal Glands (Text-figs. 10, 16). These glands have not hitherto 
been described in Pauropus . They lie on the floor of the clypeus, between the 
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inner and outer rows of buccal dilator muscles (Text-fig. i8f). They are very 
simple glands, with a narrow unbranched lumen, and open, in front, on to the 
roof of the pre-oral cavity. Their hinder ends do not extend farther back 
than the bases of the antennae. Their cells are small, and without a strikingly 
glandular texture of cytoplasm, their secretory function being inferred from 
the presence of their ducts which lead into the pre-oral cavity. 



Text-fig. ii. Pre-mandibular Gland; from an animal cut in sagittal section. 

Lettering, d duct. 

They are of ectodermal origin. In embryos aged about ten days, sections 
taken parallel with the floor of the clypeus display these glands as a pair of 
elongate columns of cells, without lumen, in process of growing backward to 
the side of the frontal ganglion (fig. 91, PI. 7). The suspicion that they are 
ectodermal glands is at once confirmed in sections through rather less ad- 
vanced embryos, where they are seen in course of development as ingrowths 
of cells from the roof of the pre-oral cavity (fig. 90, PI. 7). Even in very ad- 
vanced embryos a lumen is not recognizable (fig. 102, PI. 9), and this does not 
seem to develop until late in the pupal period. 

Both in diplopods (Reinecke, 1910) and chilopods (Fahlander, 1938), 
glands opening into the roof of the ‘buccal cavity' have been described. They 
are more complex in structure than the clypeal glands of Pauropus. In Scolo - 
pendra f according to Heymons (1901), they are ectodermal ingrowths. 

(ii) The Pre-mandibular Glands (Text-figs. 11, 16). These are a pair of 
relatively large glands, located dorso-laterally in the second abdominal 
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segment. They have already been described by Schmidt (1895) as salivary- 
glands, and by Silvestri (1902) under the name of ‘bucal gland’. Each is a 
compact mass of glandular tissue, and is devoid of a lumen. In addition to 
the large functional gland-cells, we can often distinguish, in the glands, a 
central band of much smaller cells, with diminutive and deeply staining nuclei. 
These smaller cells are presumably a reserve from which effete gland cells are 
replaced; for in some cases they are not present at all; and in others, as in the 
example shown in Text-fig. 11, apparently transitional stages are present, in 
which certain large gland-cells are found with nuclei of the diminutive kind. 
The ducts are remarkably fine tubes, with about six fusiform nuclei along their 
length , they closely resemble tracheae, and were indeed referred to as such by 
Schmidt, who did not observe their connexion with the glands. This con- 
nexion is with the lowest part of the gland, but they are not continued into the 
substance of the latter. Their orifices are in a most unexpected position, 
being lateral to the bases of the mandibles (Text-fig. 12). The cavity into 
which they drain is not the pre-oral cavity proper, but a pre-oral cavity en- 
larged by the inturning of the lateral margins of the clypeus (cf. section 6 (ii) ( b )). 

The pre-mandibular glands form out of the pre-mandibular somites. In 
section 8 (iii) has been given an account of the early phases of their develop- 
ment, up to the stage in which the somites have become converted into the 
recognizable rudiments of a pair of tubular glands. It now remains to describe 
the final phases of their development. 

In late embryos, owing to the change in form which the head has undergone, 
the gland rudiments are best seen in frontal sections of the head, in which they 
may appear for their entire length in a single section. Fig. 111, PI. 9, is a 
drawing of such a section, and shows the developing gland, to the side of the 
brain, extending deeply into the head from its point of attachment to the 
ectoderm just in front of the mandible. The gland is shown also in fig. ii6b, 
PI. 10. It is, at this period, still a long cord of cells, but a lumen is no longer 
recognizable. P 

In the advanced embryo the position of the epidermal attachment (future 
orifice) of the gland undergoes displacement from a position antero-median 
to the mandible into a position which is actually lateral to the mandible. This 
will readily be seen by comparing fig. in, PI. 9, with fig. 119, PI. 10, the 
latter figure representing a section cut approximately ‘horizontally’ along 
the head of an early pupa. The displacement seems to be associated with 
the development of the clypeal folds, and its character can be more readily 
visualized if the topography of the head of an advanced embryo, as shown, for 
example, in fig. 30 b, PI. 3, be kept in mind. Much of the inferior surface of the 
clypeus is composed of pre-mandibular ectoderm (see section 6 (ii) ( b )), and 
the downgrowth of the epidermis on to the side of the head will clearly have 
the effect of drawing the gland-attachment across the front of the base of the 
mandible into its position to the side of the latter. 

In early pupae we see the first sign of histological differentiation of the gland, 
for cells with large and with small nuclei are now distinguishable (fig. 1 19, 
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PI. 10). In later pupae the gland moves farther back into the second abdominal 
segment (fig. 122, PI. io), this backward displacement being probably due to 
pressure from the elongating mandibular apodeme (cf. fig. 120, PI. 10), and 
perhaps also to enlargement of the brain and muscles of the head. At the 



Text-fig. 12. View, from below, of interior of head, to show cephalic glands 
and their ducts. Of the pre-mandibular gland, only the duct is shown. 

Lettering, c/./clypeal fold; d.mx depressor muscle of maxilla; d.pm duct 
of pre-mandibular gland; e.s.d duct of end-sac; e.s.mx end-sac of maxillary 
gland; gl.i.mx intermaxillary gland; gl.mx maxillary gland (only its most 
anterior end shown) ; gl.mx. o orifice of duct of maxillary gland ; gl.pm.o orifice 
of duct of pre-mandibular gland ; h.a hypopharyngeal apophysis; i. mx.pl in- 
termaxillary plate; Ig fibrous ligament from mandibular apodeme to hypo- 
pharyngeal apophysis ; mn mandible ; mn.ap mandibular apodeme ; mx maxilla ; 
oes oespphagus; oes.d.m oesophageal dilator muscle; s.c collum segment. 

same time the hitherto elongate form of the gland is lost, and it assumes the 
compact clumped condition of the definitive organ. 

The duct of the gland is now also in course of formation. It seems to be 
of epidermal and not mesodermal origin ; but critical observations on this point 
are difficult to make. In early pupae the epidermal attachment of the gland 
is in the angle between the mandible and the clypeal fold (fig. 1 19, PI. 10), and 
it lies immediately below the elongating mandibular apodeme, which is there- 
fore not present in the same ‘horizontally’ cut section. When, in rather later 
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pupae, the inner wall of the clypeal fold in the neighbourhood of the gland- 
attachment is examined, its cells appear markedly fusiform, with elongate 
nuclei (fig. 121, PI. 10). In still later pupae, when the gland has moved back 
into the second abdominal segment, the duct is seen for the first time, and it 
is cells of this latter type out of which it is constructed. Fig. 122, PI. 10, has 
been, drawn to illustrate this point, and evidently suggests an epidermal 
rather than mesodermal origin for the duct. 

Wheeler, as long ago as 1893, described in the embryo of Xiphidium 
(Orthoptera) the peculiar sub-oesophageal’ bodies which have since been 
observed in many other insect embryos. Although there is still some dispute 
as to their origin in the embryo, weight of evidence favours their derivation 
from the pre-mandibular mesoderm. In the embryo of Scolopendra there is 
found, in their place, some transient ‘lymphoid tissue’ (Heymons, 1901). 
Wheeler was the first to suggest a derivation of the sub-oesophageal bodies of 
insects from an excretory gland, and was led to compare them with the 
‘green gland’ of Malacostraca. Heymons expressed a similar idea: ‘The possi- 
bility may perhaps not be wholly excluded, that in it (lymphoid tissue) we 
have the modified remains of a kind of nephridium or primitive cephalic 
excretory gland. T hese predictions have been fulfilled by the discovery, in 
the embryo of Symphyla, of a large pre-mandibular segmental organ, in 
which the end-sac assumes the form of a tubular nephrocytic organ (Tiegs, 
1940); but here the gland disrupts shortly after the larva leaves the egg, and 
only the associated nephrocytic organ survives. In Pauropus , on the other hand, 
the gland remains even in the adult animal. It is surprising, however, to find 
that here its tubular character is completely obscured as development proceeds. 

Wheeler, who first described the sub-oesophageal bodies in insect embryos, 
does not seem to have recognized the resemblance of their cells to nephrocytes, 
though his drawings plainly reveal it. More recent writers have compared 
them with the pericardial cells , and have attributed to them some excretory 
function (Heymons, 1895; Strindberg, 1916; Wiesmann, 1926; Mansour, 
I 9 2 7)- They are generally believed to be restricted to the embryonic and early 
larval phases of the insect. In Calandra oryzae, however, they survive through- 
out the larval period, when they can be seen attached to the undersurface of 
the mycetoma, and can be recognized, though in diminished size, even in the 
imago (Tiegs and Murray, 1938). In this insect they undoubtedly resemble 
nephrocytes. To test the matter a number of larvae, pre-pupae, pupae, and 
adult weevils were injected by means of a micropipette with ammonia car- 
mine, the injections being kindly made for me by Dr. F. H. Drummond. The 
insects were killed 24-48 hours after injection, fixed in formalin, and examined 
in sections. In every case the cells of the sub -oesophageal body were found 
to have absorbed the stain, and with an intensity in no way inferior to that of 
the nephrocytic cells alongside the heart. 

In Pauropus the organ must be a salivary gland, for it is not provided with 
an ‘end-sac’, and, moreover, does not show any nephrocytic activity towards 
trypan blue when this dye is injected into the blood (see further, below: 
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maxillary gland). In Peripatus the segmental organ of the. equivalent (third) 
segment is also a salivary gland, though here an ‘end-sac’ is present. I pre- 
viously referred to this gland in Symphyla as the remains of an ancestral - 
excretory gland, since its orifice does not lie within the pre-oral cavity; but 
it now seems more likely that it is the remains of an ancestral salivary gland, 
which has survived in Peripatus and Pauropus, its retention in the latter having 



Text-fig. 13. Salivary (Maxillary) Gland. 

A. Optical section along gland ; exit duct to right. B. Section through ‘end-sac’, and part of 
its duct. C. Transverse section through duct of ‘end-sac’, close to its exit from the latter. 

D. Section through an ‘end-sac’, in which the cells are unusually heavily laden with brown 
granules E. Transverse section through an ‘end-sac’, in which the granules are aggre- 
gating into clumps. E. Final stage of aggregation of granules into compact brown clumps ; 
to the left one of these clumps appears to be undergoing extrusion from its vacuole into 
the lumen of the ‘end-sac’. 

Lettering, e.s ‘end-sac’; / its lumen. 

perhaps been made possible by the enlargement of the pre-oral cavity due to 
formation of the clypeal folds. 

(iii) The 0 Maxillary ) Salivary Glands (Text-fig. 13). These glands, which 
are the largest of the salivary glands, have already been described by Silvestri 
(1902) under the name of ‘mandibular glands’. They are a pair of long tubular 
glands, traversed for their complete length by a narrow channel that doubles 
on itself near, their hinder ends, to terminate each in an ‘end-sac’ in the collum 
segment (Text-fig. 13 a ). From near the anterior end of each, just below the 
‘end-sac’, a large mass of glandular tissue depends on the floor of the collum 
segment. The gland-cells throughout the length of the glands are compara- 
tively large, with finely reticular cytoplasm. 

The exit ducts from the glands are a pair of narrow channels, scarcely wider 
than the ducts from the pre-mandibular gjands, and with only sparsely dis- 
tributed nuclei in their walls. They enter the head and, bending downward, 
pass forward median to the maxillae, to open into the pre-oral cavity just 
behind the bases of the mandibles (Text-fig. 12). 
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No description of the ‘end-sacs’ has hitherto been given. They are a pair 
of small, rounded vesicles, not more than 0-03 mm. in diameter, and are 
situated dorso-laterally in the collum segment, just above the large masses of 
salivary gland tissue that occupy much of its floor. From each ‘end-sac’ the 
narrow end-sac duct passes forward into the head, bends round the depressor 
muscle of the maxilla, and enters the glandular tissue (Text-figs. 12, 13 a). 
Shortly beyond its exit from the end-sac each duct shows a small swelling, 
within which three (rarely four) nuclei are lodged (Text-fig. 13 B, c). Although 
contractile fibrils are not visible within the cells, it seems probable that they 
exert a sphincter action on the end- sac. 

The presence of the end-sacs first became apparent in animals that had 
been injected with trypan blue, as a test for the presence of nephrocytic 
tissue in Pauropus. The injections, which were made for me by Mr. A. M. 
Clark by the use of a Peterfi micromanipulator, were performed on animals 
lightly anaesthetized with ether, a small quantity of a 1 per cent, trypan blue 
solution being introduced through one of the posterior tergites. As might be 
expected with such fragile animals, the mortality was high ; five animals, how- 
ever, survived, and on these the present account is based. Within an hour after 
injection of the dye the two end-sacs can be seen, through the transparent 
cuticle of the living animal, tinged pale blue, and thereafter the colour 
gradually deepens to an intense blue. Fixed preparations of animals killed 
3“ 1 7 hours after injection show the dye within the substance of the end-sac. 
None of the other glands, nor the Malpighian tubes, are affected; nor are there 
any scattered nephrocytes in Pauropus comparable with the ‘pericardial cells’ 
of insects. 

In section the end-sac is seen to be composed of relatively large uninucleate 
cells, with clefts from the central cavity of the vesicle extending between them 
(Text-fig. 13 b). The cytoplasm commonly shows a vacuolated and faintly 
fibrillar texture, and brownish granules may be present either in relatively 
small numbers (Text-fig. 13 b), or in great abundance (Text-fig. 13 d). It is 
upon the granules that the trypan blue is absorbed. Sometimes end-sacs are 
encountered in which the granules from the cytoplasm are aggregated into 
large clumps, which are then lodged within spacious vacuoles in the cells 
(Text-fig. 13 e). Within these vacuoles the granules then fuse into compact 
brownish masses, which are thereafter discharged into the cavity of the end- 
sac (Text-fig. 1 3 f). These are processes with which we are already familiar 
in the end-sacs of certain cephalic glands in Crustacea (Burian and Muth, 
1924) and tracheates (Bruntz; see summary by Ehrenberg, 1924). 

In the embryo the salivary glands develop out of the somites of the maxil- 
lary segment. The earlier phase of this development has already been de- 
scribed above (section 8 (v)). 

The end-sacs are first seen in embryos at about the time that the proximal 
ends of the^lands become separated from the vestiges of the original coelomic 
sacs, which then become resolved into myoblasts for the developing maxillae. 
The glands have, by this time, become completely doubled on themselves 
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(Text-fig. 7), the hindermost tips of the bent tubes now lying well within the 
collum segment, whence they extend forward to their epidermal attachment 
on the median aspect of the maxilla immediately to the rear of the mandibles. 
In each gland the rpdiment of the end-sac is recognizable as a pronounced 
swelling at its blind tip, the cells being already distinguishable by their larger 
size (fig. 89, PI. 7; fig. 1 17, PI. 10). 

In the advanced embryo the maxillary glands extend well back in the abdo- 
men, where they are now seen lying to the side of the mid-gut (Text-fig. 8). 
In the pupa they attain their mature character, the two closely apposed limbs 
of the completely bent glands fusing with one another, the ducts remaining, 
however, apart. Their cells enlarge, and acquire a typical glandular texture. 
The end-sacs become withdrawn into the collum segment. 

The origin of the exit ducts is difficult to determine ; as far as I have been 
able to make out, these come from the epidermis and not from the gland- 
Anlage. In early pupae the anterior tip of each of the maxillary glands still 
lies well within the head, at the base of the maxilla, where it is connected with 
the epidermis on the median aspect of the maxilla just behind the mandible 
(fig. 123, PI. 10). In later pupae the glandular tissue has receded into the collum 
segment, its connexion with the base of the maxilla being by a just perceptible 
string of narrow cells, whose elongate nuclei and deficient cytoplasm recall 
those of the epidermis at the former gland-attachment, and not of the gland- 
Anlage (cf. figs. 123 and 124, PL 10). 

Maxillary glands, furnished with ‘end-sacs’ and mesodermal in origin, are 
known in Diplopoda and Symphyla. In Fahlander’s recent work (1938) a 
maxillary gland with ‘end-sac’ has been described in Scutigera and Lithobins , 
but its presumed mesodermal origin still requires proof. In Scolopendra , 
where the development of the cephalic glands has been examined, mesoder- 
mal glands are absent (Heymons, 1901). 

(iv) The Intermaxillary Glands (Text-figs. 12, 16 b , 17). These have already 
been described by Silvestri (1902) for Allopauropus brevisetus under the 
name ‘maxillary gland’. In Pauropus silvaticus their structure is more complex 
than might have been expected from Silvestri’s description. 

They comprise a pair of large bilobed masses of glandular tissue, often 
closely apposed, and sometimes even fused into a single compact mass. They 
occupy part of the floor of the head-capsule, whence they bend down on to 
the floor of the collum segment. The glandular tissue consists of large irregu- 
larly vacuolated cells, with large nuclei located at the periphery. But there 
are also sometimes present groups of cells with smaller nuclei, from which, 
possibly, effete glandular cells are replaced. From the glandular tissue several 
irregular spacious channels pass forward, opening between the maxillae and 
the intermaxillary plate. The glands are presumably salivary in function, and 
with trypan blue give no sign of nephrocytic action. They are innervated from 
the sub-oesophageal ganglion by a branch of the maxillary nerve (Tpct-fig. 17). 

The intermaxillary glands form from the ectoderm of the maxillary seg- 
ment. Their development takes place in an unexpected manner, for they 
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arise from cells which might have been regarded as prospective ganglion 
cells. If, in a 10-day embryo, a section is cut transversely through the hinder 
part of the maxillary segment, the ‘ventral organs’ of that segment are 
found to be associated with a paired mass of cells, which is itself moulded 
into the contour of the hinder part of the maxillary ganglion, but is in process 
of separating away from the latter. This is the rudiment of the intermaxil- 
lary gland. Fig. 98, PI. 8, in which it is shown, is drawn from an embryo 
in which the entire gland-Anlage, even though not completely demarcated 
from the ganglion, is already distinguishable from the latter by the character 
of its nuclei, a distinction which is, however, not always visible. 

In more advanced embryos, in which the mandibular sternum has become 
invaginated into the pre-oral cavity, the sternum of the maxillary segment 
remains as the developing intermaxillary plate (cf. fig. 30 A, PI. 3). A section 
directed just above the floor of this segment is shown in fig. 94 e, PI. 8. If this 
is compared with fig. 98, PI. 8, it will be seen that the maxillary ‘ventral 
organs’ have now come closely together, and form most of the tip of the inter- 
maxillary plate ; internal to them is the developing intermaxillary gland, this 
being now completely separated by a cleft from the ganglion. With the change 
in position of the maxillary segment that has attended the enlargement of the 
pre-oral cavity, the intermaxillary gland-Anlage, hitherto fitting against the 
hinder wall of the ganglion, is brought into a position ventral to the latter 
(fig- 99> PI- 8; Text-fig. 8). 

Differentiation into the definitive gland now sets in. In fig. 94 e, PI. 8, 
there may already be seen a tendency for the paired gland-Anlage to diverge 
beyond the limits of the maxillary ganglion. In more advanced embryos this 
divergence becomes more pronounced, while at the same time a second pair 
of lobes arises from each gland-Anlage (fig. 102, PI. 9, fig. 123, PI. 9). Within 
each gland the nuclei now tend to congregate around its margin, and an ill- 
defined lumen appears. Thereafter the simple flask-shaped character of the 
adult gland is attained. The cytoplasm of the cells does not assume its peculiar 
texture until shortly before the larva emerges from the pupa. The associated 
‘ventral organs’ cease to be recognizable in the advanced embryo, their cells 
being partly incorporated into the epidermis of the intermaxillary plate and 
partly into the substance of the glands. 

(v) The Pseudocular Glands. Under this name I refer to a pair of glands, 
by no means inconspicuous, that lie flattened out against the whole of the 
epithelium of the pseudoculi, lateral to the ingrown apodemes of the mandibles. 
They are shown in Text-figs. 16 a and 20. They are composed of large cells, 
with obviously glandular texture of cytoplasm, and are devoid of a duct. Their 
function is unknown. 

The pseudocular glands develop from ectoderm. The cells from which 
they take origin are first distinguishable in advanced embryos, shortly after 
the protocerebral lobes of the developing brain have separated away from the 
lateral epidermis of the head. Among the normal epidermal cells certain 
enlarged cells are seen (figs. 1 1 1, 1 15 a, PI. 9), and these soon become apparent 
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as the developing gland cells. Other enlarged epidermal cells, indistinguish- 
able from those which are destined to become the gland cells, appear close by 
in the epidermis (fig. hi, PI. 9); these are the setigerous cells referred to in 
section 14 (i). 

In later embryos the prospective gland-cells separate out from the epidermis 
and begin to congregate between it and the tip of the ingrown mandible (fig. 
100, PI. 8). They are now much enlarged, obviously glandular in structure, 
and are plainly recognizable as the pseudocular gland. 

It is possible that the pseudocular glands of Pauropus are to be compared 
with the ‘cerebral glands’ (Gehimdriisen) of Chilopoda, to which Fahlander 
(1938) has recently drawn attention. Heymons (1901) long ago described the 
development of these glands out of the lateral epidermis of the head ( Scolo - 
pendra) and compared them with the post- antennal organs of Tomosvary from 
other myriapods. Fahlander, however, points out that in the anamorphic 
chilopods, organs of Tomosvary and cerebral glands coexist. In chilopods 
these glands are innervated from the protocerebrum; in Pauropus I have not 
been able to detect a nerve supply to the pseudocular glands. 

11. The Reproductive Organs 

In the newly hatched larva the reproductive organs are still in a very rudi- 
mentary condition (Text-fig. 26 a), and consist of a narrow string of cells, 
without perceptible lumen, extending from the fifth abdominal segment for- 
ward into the third. The rudiment is unpaired, and lies below the intestine in 
a median groove along the roof of the nerve-cord. Only a single primordial 
germ-cell is present, and this is embedded in the genital rudiment almost at 
its hinder tip in the fifth segment; it is distinguishable, as usual, by its large 
clear nucleus. There is no discernible difference between the sexes. 

The genital rudiment develops out of the unsegmented ‘median mesoderm’ 
(q.v., section 7). In the fifth abdominal segment the mesoderm remains, up to 
the ninth day, as a broad sheet of cells, in which the delayed formation of 
somites is only just beginning. Even before these somites have formed, the 
single primordial germ-cell is usually, though not always, recognizable in the 
heaped-up mesoderm, being distinguishable from the surrounding cells by its 
larger size and by the character of its nucleus (figs. 84, 85, PL 7); but whether 
it has arisen in situ , or is an immigrant from some other part of the embryo, 
cannot, owing to its late differentiation, be determined. 

Most of the heaped-up mesoderm is used in the formation of the fifth 
abdominal, somites and the teloblastic mesoderm (see section 8); there re- 
mains only a small aggregation of ‘median mesoderm’ cells, and these form 
a closely fitting investment for the single germ-cell (fig. 86, PI. 7). In the 
advanced embryo, cells from this investing layer grow forward medially along 
the row of developing ganglia (Text-fig. 8), and extend eventually just into the 
third abdominal segment (Text-fig. 9). Owing to the presence of the single 
germ-cell in the fifth segment, the genital tube is here at its widest. In this 
condition the genital rudiment survives into the first instar larva. 
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The simplicity and directness of development of the genital rudiment is 
remarkable. In Peripatus (Sedgwick, 1887), and in those myriapods that have 
hitherto been examined— Julus (Heathcote, 1888), Scolopendra (Heymons, 
I 9 OI )» Hanseniella (Tiegs, 194°) — the genital rudiment is paired and tubular, 
and the lumen of the genital tube is formed by the concrescence of the cavities 
of successive coelomic sacs. Even in Julus , where the genital rudiment is an 
unpaired tube lying beneath the mid-gut, as in Pauropus , its paired origin 
from the two rows of coelomic sacs has been proved (Heathcote). In Pauropus , 
on the other hand, it is not even a derivative of the somites, but is developed 
in situ in the unsegmented median mesoderm. The absence of any coelomo- 
duct associated with the genital rudiment is also noteworthy. 

In the comparatively late appearance of the primordial germ-cell within the 
mesoderm, Pauropus resembles other myriapods. In many insects, on the 
other hand, the germ-cells are set aside as the familiar ‘polar cells’at the hind end 
of the blastoderm, whence they migrate into the coelomic sacs when these later 
develop. It may well be, as Heymons (1901) has suggested, that in myriapods 
they undergo a similar migration, which remains, however, undetected owing 
to delayed differentiation of the germ-cells. The hope that Pauropus might 
throw some light on this question has not been fulfilled; the solitary germ- 
cell is never distinguishable except' within the mesoderm of the relatively 
late embryo. 

12. The Haemocoele , Fat-body , and Blood 

(a) Adult Anatomy. In adult animals with ample reserve material in the 
fat-body, and with ripe gonads, the haemocoele is, for the greater part, oblite- 
rated. But when the fat-body is depleted of its reserves, and when the repro- 
ductive organs are immature, quite a spacious haemocoele is revealed. 

I he fat-body is confined to the abdomen, its most anterior limit being the 
floor of the collum segment. When not laden with reserves, it is disposed 
mainly along the dorsal half of the body-cavity, there being also a thin, irregular, 
parietal layer which spreads down towards the bases of the legs, while there is 
also sometimes a thick layer beneath the nerve-cord. There is, therefore, a 
relatively spacious cavity to either side of the nerve-cord, these lateral neural 
blood-spaces (sinuses) communicating with one another by means of the 
epineural blood-space between the ganglionic chain and the floor of the intes- 
tine, and often also by spaces beneath the ganglia, when these are not oblite- 
rated by fat-body (fig. 109, PI. 9). With the accumulation of reserves, the 
fat-body begins to encroach upon the lateral neural blood-spaces, vestiges of 
which are, however, usually present at the bases of the legs. The musculature 
of the leg-bases here acts as a barrier against the bulging fat-body; sometimes, 
however, the fat-body succeeds in insinuating itself between the muscles, 
and so enters the blood-spaces of the legs, and may, on occasion, spread 
even as far as the tibial segment. In the head, also, there is a blood-space, 
but it becomes much diminished in size by the strong development of 
head-muscles. 
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In minute structure the fat-body presents nothing unusual. It is a syncytial 
tissue, without clear evidence of any internal cell boundaries. Its nuclei are 
large, with prominent nucleoli, and the protoplasm is highly vacuolated, 
with the usual small spherical albuminoid inclusions in the protoplasmic 
reticulum. On occasion the fat-body may show a fine deposit of very minute 
crystalline concretions ; this is, however, quite unusual and there is certainly no 
evidence of a continued accumulation of excretory products, such as we find 
in Symphyla, Collembola, and some other primitive insects ( Campodea , Japyx). 
The fat-body shows clear evidence of phagocytic activity. To examine for 
the presence of phagocytic tissue in Pauropus y a number of animals were 
injected with a minute quantity of diluted India-ink, the injection being per- 
formed through one of the hinder tergal shields. The injections were made 
for me by Mr. A. M. Clark with a Peterfi micromanipulator. The animals 
were killed from 12 to 26 hours after injection, fixed in formalin, and then cut 
in sections. The mere presence of ink particles within the fat-body is not 
evidence of phagocytosis, for with such minute and fragile animals it is 
impossible to avoid forcing masses of ink particles directly into the cells at 
the site of injection. There is, however, clear evidence in my material of in- 
corporation of granules of ink within fat-cells quite remote from the site of 
injection, as, for example, within the basal segments of the legs. True phago- 
cytosis may be recognized also by the presence of India-ink particles exclusively 
within the protoplasmic reticulum of the fat-cells, and not within the vacuoles, 
although these comprise by far the greater part of this tissue. Examples of 
phagocytosis are shown in Text-fig. 14. 

Very rarely cells having the appearance of blood cells are met with in sec- 
tions of Pauropus. In my India-ink material I have never seen any sign of 
phagocytosis by such cells. 

(b) Development. The fat-body arises from ‘yolk-cells’. The early develop- 
ment of these has been described in section 4. 

By the time the germ-band has appeared, from 50 to 8o large nuclei, with 
prominent nucleoli, can be counted in the yolk. There is a scarcely perceptible 
condensation of cytoplasm around them, this cytoplasm forming part of the 
delicate syncytial reticulum that pervades the interior of the egg and supports 
the yolk (figs. 53, 54, 58 a, b, PI. 5 ; Text-fig. 5). 

As the embryo develops, the yolk gradually disappears from the supporting 
reticulum, which is now recognizable as the fat-body in process of formation. 
It fills all the space between the developing intestine and the body-wall (Text- 
figs. 7, 8, 9; fig. 103, 107, Pi. 9), but in the late embryo and pupa shows a 
tendency to shrink away from the sides of the ganglion, so forming the lateral 
neural channels (fig. 108, PI. 9). Spacious lateral neural channels are, however, 
not a constant feature of all pupae, and in some there is even an invasion of the 
sub-neural spaces by fat-body. The epineural sinus arises by withdrawal of 
yolk from between the mid-gut and the chain of ganglia (cf. fig. 108, PL 9). 
Throughout this period the cytoplasm of the fat-body has preserved its deli- 
cate reticular character, and even in the larva shows no clearly defined internal 
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cell-boundaries, nor have its nuclei shown any sign of division. In the newly 
hatched larva the fat-body may still contain a little yolk, but this is soon ab- 
sorbed (Text-fig. 26 a). 

At the hinder end of the abdomen the epineural blood-space has usually 
become fairly well defined in .the late embryo, the fat-body shrinking away 




B. 

Text-fig, 14. Phagocytosis by fat-body. Injected particles of India-ink shown by X. 

A. From an animal 26 hours after injection. b. After 12 hours. 

from the space between the hind-gut and the ganglia (fig. 87, PL 7; fig. 106, 
P1 - 9 )- 

After emergence of the larva all these blood-spaces become markedly en- 
larged, presumably owing to intake of water from without (cf. figs. 108 and 
109, PI. 9). 

The blood-spaces of the head arise by withdrawal of the brain from 
the overlying epidermis (fig. 1 15, PI. 9; figs. 116, 118, PI. 10). With 
the enlargement of the brain and of the salivary glands during the pupal 
period, the fat-body is pushed back into the second abdominal segment, 
there being only a small amount on the floor of the collum segment (cf. 
Text-figs. 8 and 9). 

I have not made any observations on the origin of the few problematical 
blood-cells. 
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The development of the fat-body of Pauropus out of the yolk-cells of 
the embryo is noteworthy; it is a feature that the Pauropoda share whh 
the Symphyla, and, judging by Heathcote’s fragmentary account (1888), 
with Diplopoda. In Chilopoda and insects, on the other hand, the en- 
tire mass of yolk becomes enclosed by mid-gut epithelium, and the fat- 
body develops instead from ceils that are released from the walls of the 
somites. 

13. The Nervous System 

{a) Structure of the Adult Nervous System. Previous accounts of the nervous 
system are inadequate, and incorrect on important points. This applies especi- 
ally to the brain and nerves that arise from it. The visceral nervous system 
has not hitherto been described. 

(i) The Ventral Nerve-cord. This consists of a small sub-oesophageal gang- 
lion, formed by the fusion of the mandibular and a single maxillary ganglion, 
the fused ganglion being withdrawn from the head into the collum segment 
(Text-figs. 1 6 b, 17); of a single collum ganglion, partly fused with the former; 
and of a succession of nine large ganglia, one within each of the leg-bearing 
segments (Text-fig. 27 a). The connectives between successive ganglia are 
lightly clothed with nerve-cells. 

From each abdominal ganglion arise five pairs of nerves (Text-fig. 15). The 
most anterior of these is clothed, for some distance from its base, with nerve- 
cells, and passes to some of the sternal muscles of the leg. Behind it arise three 
other nerves, of which the hindermost supplies the ventral longitudinal and 
dorso-ventral muscles, while the others pass down to the muscles of the leg. 
To the rear of these is a fifth nerve, which runs through the abdomen on to 
the dorsal body-wall, probably to supply the tergal muscles; it is joined in 
alternate segments by a large sensory nerve from each of the great sensory 
setae (trichobothria). 

From the sub -oesophageal ganglia arise the mandibular and maxillary 
nerves; it is noteworthy that the succeeding pair of nerves are the nerves of 
the collum segment, there being no second maxillary nerve associated with 
the head. These nerves are shown in Text-fig. 17. The mandibular nerve 
passes forward alongside the ventral longitudinal muscle, turns sharply out- 
ward, and supplies the large muscles of the mandible, and probably also the 
anterior end of the ventral longitudinal muscle. The maxillary nerve runs 
forward below the mandibular nerve, and supplies the floor of the head. It 
is a surprisingly large nerve, most of its fibres passing direct to the large 
intermaxillary gland; I have not been able to detect the small branches 
that presumably go to the weak maxillary muscles. 

The nerves from the collum ganglion recall those of the succeeding abdomi- 
nal ganglia, except that the equivalent of the nerves to the leg-myscles is lack- 
ing. There is present, also, a long thin nerve attached to the lower end of the 
large head-levator muscle, that arises from the floor of the collum segment 
(Text-fig. 17). 
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The terminal ganglion (Text-fig. 15) is a composite ganglion; this is at once 
.shown by the nerves to which it gives origin, for these supply not only the 
last leg-bearing segment, but also those to the rear of it. 



Text-fig. 15. Hind end of adult animal, showing terminal portion of ganglionic chain, 
exposed from above. On the left is shown the distribution of the nerves. To display the 
nerves to the legs, it has been found necessary to omit the overlying part of the ventral 
longitudinal muscle. 

Lettering, cx.ap coxal apodeme ; d.v.m dorso-ventral muscle ; g.c.v caudal visceral gang- 
lion; g 9 ganglion of ninth abdominal segment; g.t terminal (composite) ganglion; l 9 
eighth and ninth legs; n j-j five pairs of segmental nerves; n.pr.a nerves passing from 
terminal ganglion into pre-ana] segment; r rectum; tr trichobothrium ; v.l.m ventral 
longitudinal muscle. 

Both the nerve-cord and its segmental nerves are invested by a ‘neurilem- 
mal sheath*. This membrane is generally difficult to detect, its nuclei, which 
lie flattened out against the ganglia and nerves, being usually the only evidence 
of its presence (fig. 108, PI. 9). But along the upper surface of the nerve-cord 
the ‘neurilemma* is generally a thick, loosely constructed layer of spongy cells 
(figs. 108, 109, PI. 9). In the neuropilem the fibres are disposed chiefly 
longitudinally, though, contrary to the statement by Schmidt (1895), commis- 
sural fibres are also present (they are shown in Text-fig. 16 b). Running the 
length of the nerve-cord there is a kind of median septum in the neuropilem, 
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formed of irregularly constructed cells in which the nuclei usually appear 
rather larger and paler than those of the ganglionic tissue. It seems to be a 
form of neuroglial tissue. Scattered nuclei of similar appearance are found in 
numbers along the boundary of the neuropilem and the ganglion cells (fig. 109, 

PI-?)- 

(ii) The Brain (Text-figs. 16, 17). This is comparatively large, its hinder 
end intruding far into the second abdominal segment, where it often impinges 
on the anterior end of the mid-gut. Seen from above it is roughly triangular, 
with the apex of the triangle directed forward. The protocerebrum is relatively 
large, and forms the hinder part of the brain. It is itself composed of three 
separate lobes, of which the posterior (pars intercerebralis) protrudes back- 
wards and presents scarcely any indication of its originally paired condition. 
This posterior lobe forms a kind of inverted trough which arches over the 
oesophagus, and has its lateral margins almost in contact with the ventral 
nerve-cord. Anterior to it are the lateral and frontal lobes, the former widely 
expanded, but the latter bending downward and therefore only partially visible 
from above. Much of the superior and inferior surface of the protocerebrum 
is free from fterve-cells, the latter being distributed as a thick cortex mainly 
on its lateral and posterior walls. From the latter, however, the cortex en- 
croaches from some distance on its inferior surface, and there is also a con- 
spicuous median aggregation of nerve-cell^ on the dorsal surface of the brain. 

The deutocerebrum, which is narrower than the protocerebrum, lies 
anterior to the latter; it has two lateral expansions, which extend in the direc- 
tion of the pseudoculi, but otherwise presents little evidence of its originally 
paired condition. In a groove between the deutocerebrum and the frontal 
lobes of the protocerebrum lies, on each side, the ascending arm of the hypo- 
pharyngeal hypophysis. 

Immediately below the deutocerebrum, and even intruding a little into it, is 
a median septum of ganglion cells that extends down from the roof of the 
brain at the junction of protocerebrum and deutocerebrum. It is indicated 
by g.sp in Text-figs. 16, 17, 18 a, c. As Text-fig. 18 c shows, it is actually a 
paired septum, for there is a thin partition of non-ganglionic cells between its 
two halves. Its development shows that it is not part of the deutocerebrum 
at all, but that it arises from a separate ganglion- Anlage, which is itself 
quite distinct from the protocerebrum. The possibility that it is the vestige 
of th& pre-antennary ganglion, i.e. ganglion of the first head-segment, is indi- 
cated ; but as the evidence for this cannot be conclusive, I shall speak of it as 
the 'septal ganglion’. 

The tritocerebral ganglion lies to ‘the side of the oesophagus, and merges 
below into the sub-oesophageal ganglion (Text-fig. 17) ; there are, therefore, 
no free circumoesophageal connectives. At their upper ends the two trito- 
cerebral ganglia unite with one another, above the oesophagus, to form the 
most anterior part of the brain. 

The following cerebral nerves can be distinguished (Text-figs. 16, 17): 

(i) A pair of relatively large nerves from the pseudoculi (n.ps). These curve 
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Text-fig. id. Anterior end of adult, drawn to show principally the nervous system and 
cephalic glands. 

a. View from above, b. Bisected animal. 

Lettering, a antenna; b.a basal antennal sense organ ; b.d.m buccal dilator muscles; c.dt 
deutocerebral commissure; c.pr protocerebral commissure; c.tr.i inferior tritocerebral 
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back along the hinder margin of the lateral expansions of the deutocerebrum, 
and enter the frontal lobes of the protocerebrum. 

(ii) A single very long and thin unpaired ‘median nerve’ (w.m), that originates 
from the roof of the deutocerebrum, and later divides into right and left 
branches that end in the frontal ganglion of the stomatogastric system. This 
nerve may perhaps be equivalent of a nerve described by Fahlander (1938) 
from the chilopod brain; here it arises ‘at the boundary between proto- and 
deutocerebrum’ by a pair of roots, and passes to the frontal ganglion. 

(iii) A pair of thin ‘tegumentary nerves’, that arise from the septal ganglion, 
just behind the base of the ‘median nerve’. It is probable that they are sensory 
nerves associated with the setae on the roof of the head. 

(iv) A pair of large antennary nerves ( n.a.s ) that arise from the deuto- 
cerebrum just below the recurving nerves from the pseudoculi, and are 
swollen with a thick investment of nerve-cells before entering the antennae. 
They do not seem to supply the muscles of the antennae, and are chiefly, if 
not exclusively, sensory. 

(v) A pair of presumably motor nerves ( n.a.m ), that arise from the deuto- 
cerebrum just below the foregoing. They give off several branches to the 
muscles at the bases of the antennae, and then enter the latter, probably to 
supply its muscles. 

(vi) A pair of thin nerves ( n.b.a ) arising from the deutocerebrum above the 
antennary nerves, and supplying the basal antennary sense organ (see section 
14 (iv)). 

(vii) A pair of relatively large clypeal nerves (n.cl) } arising from the sides of 
the tritocerebrum at the tip of the brain. They pass along the floor of the 
clypeus, but I have not been able to observe their termination. They are 
evidently the equivalent of the labral nerves of other myriapods and of 
insects. 

(viii) A short median unpaired connective from the tritocerebrum to the 
frontal ganglion of the stomatogastric system. It is lightly clothed with nerve- 
cells, and is remarkable for the fact that it lies, as an unpaired connective, above 
the oesophagus. 

I have been able to make only scanty and inadequate observations on the 
internal structure of the brain. In the protocerebrum there is no recognizable 


commissure; c.tr.s superior tritocerebral commissure; d.a.t dorsal arm of tentorium; 
d.pm duct of premandibular gland ; dt deutocerebrum ; e.v exsertile vesicle ? ; f.c connec- 
tive between tritocerebrum and frontal ganglion; g.c ganglion of collum segment; g.f 
frontal ganglion ; g.Qes oesophageal ganglion; g.s stomachic ganglion; g.s.oes sub-oesopha- 
geal ganglion; g.sp ‘septal ganglion’; gl.cl clypeal gland; gl.i.mx intermaxillary gland; 
gl.mx maxillary gland; gl.pm pre-mandibular gland; gl.ps pseudocular gland; i.mx.pl 
intermaxillary plate ; / first leg ; mn mandible ; mn.l.l lateral ligamentous connexion between 
mandible and head-capsule; n.a.s sensory nerve to antenna; n.b.a nerve to basal antennal 
sense organ; n.m median nerve from deutocerebrum to frontal ganglion; n.mn mandibular 
nerve; n.mx maxillary nerve; n.ps pseudocular nerve; n.t tegumentary nerve; oes.d.m 
oesophageal dilator muscle; pr.f frontal lobe of protocerebrum; pr.l lateral lobe of proto- 
cerebrum; pr.p posterior lobe of protocerebrum; ps pseudoculus; s.c collum segment; 
tr tritocerebrum. 
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differentiation of globuli cells, in which respect the brain of Pauropus recalls 
that of Symphyla (Holmgren, 1916) and of Geophilus (Fahlander, 1938). 
Traversing the neuropilem are three pairs of compact fibrous tracts, which are 


Text-fig. 17. Bisected anterior end of adult Pauropus , drawn to show brain, sub-oeso- 
phageal ganglion, and collum ganglion, together with the nerves that arise from them. 
The frontal visceral ganglion has been omitted in order to display the clypeal nerve; the 
main mass of the tritocerebrum has been shown by omitting the oesophagus and oesopha- 
geal dilator muscles (shown in Text-fig. 1 6 b ). 

Lettering. As in Text-fig. 16. 

Additional lettering, b.dp buccal depressor muscle; d.f.d descending fibres of deuto- 
cerebrum; d.l.m.h dorsal longitudinal muscle of head; d.l.t dorsal longitudinal tract of 
descending fibres; h.a hypopharyngeal apophysis; l.rn.h levator muscle of head; mn.m 
musculature of mandible; n.a.m antennary (motor). nerve ; n.c nerves from collum gang- 
lion; n.cl clypeal nerve; n.t tegumentary nerve; oes oesophagus; pr protocerebrum; r.c 
retractor muscle of clypeus; s.r.a u a sternal rotator muscles of antenna; t.l.mx tergal 
levator muscle of maxilla; tr tritocerebrum; v.l.m ventral longitudinal muscle* v.l t 
ventral longitudinal tract of descending fibres. 

evidently the stalks of the pedunculate bodies (p lt p 2 , p 3 , Text-fig. 18 a), but 
in the absence of globuli cells their precise limits of origin within the cortex 
cannot be determined. The second and third peduncles, and probably also 
the first, are associated with a median mass of neuropilem, which is evidently 
the equivalent of the ‘medial body’ (Medialkorper) described by Holmgren 
for the brain of Julus and some chilopods. Three conspicuous paired masses 
of neuropilem, showing faint indications of glomerular structure, are present 
(glom lt 2, *)> and these are perhaps the glomeruli associated with the peduncles. 
Immediately to the rear of the medial body is a small, transversely elongate 
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body of neuropilem, which has connexions with the lateral, and perhaps also 
frontal, lobes of the protocerebrum. It is evidently the corpus centrale. There 
are no ganglion cells associated with it, in which respect it resembles the 
corpus centrale of other myriapods and of most Crustacea, but not of arach- 
nids. Two commissures are distinguishable within the protocerebrum, viz. : 
(i) the principal commissure (Text-fig. 18 a, b), lying partly behind and partly 
below the medial body, and connecting the lateral lobes of the protocerebrum, 
and perhaps also deriving fibres from the pars intercerebralis, and (ii) a small 
commissure, which passes between the anterior glomerular masses, and appar- 
ently connects the two frontal lobes of the protocerebrum. Finally, reference 
must be made to three other fibre-tracts, (i) a pair of tracts connecting the 
neuropilem of the deutocerebrum with the lateral mass of glomerular neuro- 
pilem ; (ii) a tract of fibres (d.l.t, Text-figs. 17,18 b), connected with cells of the 
pars intercerebralis, and passing forward along the roof of the brain to enter 
the sub-oesophageal ganglion by way of the tritocerebrum; (iii) a tract of 
fibres (vlt f Text-figs. 17, 18 b), also connected with the pars intercerebralis, 
but passing along the floor of the brain into the deutocerebral commissure, 
beyond which they cannot be followed; some fibres of this tract seem to end 
in the neuropilem of the deutocerebrum itself. Many of the fibres considered 
under (2) and (3) are efferent fibres, for they can be seen to arise from cells in the 
pars intercerebralis. Similar fibres are shown by Holmgren in the brain of Julus. 

The neuropilem of the deutocerebrum shows only a faint indication of 
'glomerular structure; within this neuropilem most of the fibres of the sensory 
nerves from the antennae end (T ext-fig. 1 8 a) . The motor nerves to the antennae 
seem to be derived mainly from cells in the lateral wall of the deutocerebrum. 
From the roof of the deutocerebrum tracts of fibres bend down, near the mid- 
line, and, lying in front of those from the protocerebrum, pass by way of the 
tritocerebrum into the sub-oesophageal ganglion ( d.f.d , Text-figs. 17, 18 A, 
c). The connexion of the deutocerebrum with the lateral glomerular ihass of 
the protocerebrum has already been referred to ; also the probable connexion 
with the pars intercerebralis. The deutocerebral commissure is very con- 
spicuous, its component fibres curving backwards round the septal ganglion 
(Text-fig. 1 8 a). 

A large part of the tritocerebral ganglion is made up of tracts of fibres that 
pass between the three component ganglia of the brain and the sub-oesopha- 
geal ganglion (Text-fig. 17). The clypeal nerves originate from ganglion cells 
in the wall of the tritocerebrum, a little anterior to the bases of the antennary 
nerves, i.e. in a ‘pre-oral’ position. Nerve-fibres from the lateral wall of the 
tritocerebrum can be seen passing upward into the main mass of the brain, 
but cannot be followed individually. The most noteworthy feature of the 
tritocerebrum is the presence within it of two commissures, a superior and an 
inferior. The latter (c.tr. 1, Text-figs. 17, 18 c) is, as usual, sub-oesophageal, 
but it is not completely ‘free’ as in other myriapods and insects. The presence 
of a superior (‘pre-oral’) tritocerebral commissure is unexpected. Its fibres 
can be traced some distance down the tritocerebral ganglion, and some, at 
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Text-fig. 18. Histology of Brain and Stomatogastric Ganglia. 

A. Horizontal section through protocerebrum and portion of deutocerebrum. b. Transverse 
section through protocerebrum, to show principal protocerebral commissure, c. Trans- 
verse section through brain to show inferior tritocerebral commissure. The section 
passes (above) through the deutocerebrum and ‘septal ganglion’ and (below) through the 
anterior end of the sub-oesophageal ganglion (for orientation cf. Text-fig. 17). d. Section 
through anterior tip of brain, showing superior tritocerebral commissure; at the sides of 
the oesophagus the section grazes along the anterior wall of the tritocerebrum. e. Section 
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least, of the crossing fibres can be seen to originate from ganglion cells in 
the roof of the tritocerebrum itself (Text-fig. i8d). There seems to be no 
doubt as to the identification of this pre-oral tip of the brain as tritocerebrum, 
for the clypeal nerves and frontal connective both arise from it. The presence 
of a •pre-oral* tritocerebral commissure in Pauropus supports the contention 
of Heymons (1901) that the position of the cerebral commissures in relation to 
the stomodaeum is determined, not by the site of origin of the ganglion in 
relation to the stomodaeum, but by the position into which they have moved 
at the time the commissures begin to develop. It may be recalled that St. Remy 
(1887) reported a pre-oral tritocerebral commissure in certain chilopods, 
though the recent work of Fahlander (1938) does not seem to support it. 

(iii) The Visceral Nervous System . No description of this system in Pauropus 
has hitherto been given; its examination, indeed, presents considerable diffi- 
culty, and I can give only a general outline of its topography. 

A stomatogastric and ‘caudal’ system are both present. The former seems 
to consist of four ganglia, as follow : 

(i) A single frontal ganglion ( g.f Text-fig. 16 a, b), lying on the floor of the 
clypeus, wedged in between the inner group of buccal dilator muscles (Text- 
fig. 18 f). It is joined to the anterior tip of the brain (tritocerebrum) by the 
single short median connective above referred to. From the ganglion short 
nerves pass forward to the walls and floor of the clypeus. I have not been able 
to detect a recurrent nerve. 

(ii) A pair of small oesophageal ganglia ( g.oes. Text-fig. i6b) that lie close 
together under the oesophagus, behind the posterior tips of the hypopharyn- 
geal apophyses. They are connected by loose membrane with the immediately 
overlying protocerebrum and with the underlying mandibular ganglion; I 
cannot with certainty recognize any nerve-connexions between the oesophageal 
ganglia and either of these two ganglia, but it is clear that there is a connexion 
with nerve-fibres that can be followed a short distance along the wall of the 
oesophagus. In view of their remarkable development described below (they 
develop from cells that migrate in from the ends of the ingrown mandibles), 
comparison with the corpora allata of insects is at once suggested; in their 
microscopic structure, however, they show no evidence whatever of glandular 
structure, but on the contrary resemble ganglionic tissue (Text-fig. 18 e). 


along inferior wall of oesophagus, showing the oesophageal ganglia; anterior end directed 
downward. F. Transverse section through clypeus, to show frontal ganglion. Both groups 
of buccal dilator muscles are seen in the section, and between them the clypeal gland. 

Lettering . b.d.m buccal dilator muscles ; c.c corpus centrale ; c.dt deutocerebral com- 
missure; c.pr principal commissure of protocerebrum; c.tr.i inferior commissure of 
tritocerebrum; c.tr.s superior commissure of tritocerebrum; d.f.d descending fibres of 
deutocerebrum ; d.l.t dorsal longitudinal fibre tracts ; dt deutocerebrum ; g.fr frontal gang- 
lion ; gl.cl clypeal gland ; glom u *, , first, second, and third masses of glomerular neuropilem ; 
glom.dt glomerular neuropilem of deutocerebrum; g.sp septal (pre-antennary ?) ganglion; 
m.b medial body; mn mandible; n.a sensory nerve from antenna; oes oesophagus; oes.d.m 
oesophageal dilator muscle; p u 2 , 8 first, second, and third peduncles; p.i para intercere- 
bralis ; pt partition of non-ganglionic cells in the ‘septal ganglion*; s.o.g sub-oesophageal 
ganglion; v.l.t ventral longitudinal fibre tract. 
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Tentatively, therefore, we may regard them as ganglia of the stomatogastric 
system, despite their peculiar manner of development. 

(iii) A minute stomachic ganglion ( g.s , Text-figs. 6 d, i6b) that lies at the 
posterior end of the oesophagus, at its entrance into the mid-gut. 

There is no ganglion corresponding to the hypocerebral ganglion of insects. I 
have not been able to detect interganglionic connexions on the oesophageal wall. 

The 'caudal* system of visceral nerves (Text-fig. 1 5) arises from the terminal 
ganglion of the nerve-cord. In the adult animal a relatively large clump of 
nerve-cells is to be seen forming the terminal (visceral) lobe of the last 
abdominal ganglion. From this visceral ganglion a band of nerve-fibres, 
sparsely clothed with nerve-cells, passes back along the floor of the terminal 
segment on to the inferior surface of the rectum ; no other nerves arise from 
it. The distribution of these fibres on the intestinal wall cannot be followed. 

(b) Development of the Nervous System 

(i) The Ventral Nerve-cord . In embryos aged 6 days, and at a time when the 
protocerebral ganglia are already in course of formation, sections through 
the germ-band still reveal no sign of the development of any of the ganglia of 
the ventral nerve-cord. This lag in the formation of the ventral nerve-ganglia 
is readily seen in fig. 58 A, b, PI. 5 ; the two sections are from the same embryo, 
fig. A showing, in the lower half of the section, the initial thickening of the 
head-wall, while in no other part of the section is there even an indication of the 
development of ganglion-Anlagen. 

In rather older embryos, in which somites are in process of forming, the 
ectoderm along the entire post-oral length of the germ-band has become 
gathered into a pair of thickenings, between which only a very narrow strip 
of median ectoderm intervenes. This may be seen in figs. 63, 65, PI. 5; fig. 
74, PI. 7, the three sections being taken respectively through the maxillary, 
collum, and second abdominal segments of a single embryp. Within the 
thickened bands of ectoderm the crowded nuclei lie, in places, several deep, 
but do not yet present any orderliness of arrangement. Between the bands 
of ectoderm is the unsegmented median mesoderm. 

During the seventh day the developing somites begin to move into a more 
lateral position along the widening germ-band, and therewith the first indica- 
tions of the ganglion-Anlagen become apparent (fig. 64, PI. 5; fig. 75, PI. 7). 
The latter lie to the sides of the median mesoderm and medial to the row of 
somites, and are directly exposed to the yolk. Lateral to them, and covered 
above by the somites, the ectoderm is thinner, and will become the epidermis 
of the appendages. 1 

In sections through rather more advanced embryos, the germ-band appears 
considerably thickened, and now, for the first time, the nuclei begin to display 

1 In examining the many drawings of sections through the germ-band the reader will be 
struck by the apparent absence of appendage-rudiments below the somites. In whole embryos 
the appendages are easily seen ; but in section they are scarcely recognizable because they are, 
at first, only gentle elevations of the epidermis, gnd the furrow which delimits them is, in 
section, hard to distinguish from natural clefts between the cells. 
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an orderliness of arrangement, with their long axes directed towards the sur- 
face (fig. 67 B, PI. 6 ; upper half of section). Within the developing ganglia the 
nuclei near the surface begin to recede a little, and therewith the ‘ventral 
organs’ begin to form (fig. 76, PI. 7); the cells immediately above them con- 
stitute the ganglion- Anlagen proper. The ‘ventral organs’, of which there is 
a single pair in each segment except the last abdominal, develop first in the 
more anterior segments, whence their formation spreads progressively into 
the segments behind. The ganglion- Anlagen of successive segments do not 
yet form an unbroken chain, being partially interrupted by narrow clefts at 
the intersegments (fig. 105, PI. 9; Text-fig. 7). 

During the ninth day the ganglia begin to take shape. They now form 
bulging masses on the floor of the germ-band, the clefts between successive 
ganglia gradually disappearing (fig. 103, PI. 9); but the ganglion-halves still 
remain apart, with the median mesoderm intervening as a wedge from above. 
Mitoses appear in great abundance, in the cells both of the ‘ventral organs’ 
and of the ganglion- Anlagen (fig. 66, PI. 5 ; figs. 86, 88, PI. 7). The ‘ventral 
organs’ have now, also, become much more distinct. They are shown in fig. 
66, PI. 5; figs. 86, 88, PI. 7; fig. 103, PI. 9; Text-fig. 7. 

These ‘ventral organs’ are, indeed, very peculiar cell-formations. Their 
cells are long and spindly, and tend to radiate inwards from a point on the 
surface. Often they display a gentle surface depression (cf. fig. 103, PI. 9). 
The nuclei become withdrawn to the inner tips of the cells, in consequence of 
which the ‘organs’ become very conspicuous in sections as pale fan-shaped 
structures that contrast strongly with the adjacent deeply staining ganglion 
tissue. In order that the reader may form a better judgment of them, I have 
included two photographs (fig. 104 a, b, PI. 9) of parasagittal sections along 
a 9-day embryo, in which four of the ‘ventral organs’, those of the first three 
abdominal segments and of the maxillary segment, can be seen. 

On the ninth or tenth day the neuropilem begins to develop, and therewith 
the ganglion-halves become welded into a single mass. This neuropilem 
appears first in the more anterior segments, from where its development 
spreads progressively backwards. Sections through ganglia at this stage of 
development are shown in figs. 78, 89, PI. 7, the former being from the second 
abdominal segment of a 9-day embryo, the latter from the collum segment of 
a 10-day embryo. The neuropilem arises as a pair of diminutive masses in the 
upper half of each ganglion-half, and is not roofed in by the ganglion-cells. 
Spreading medially, it covers in the median mesoderm, which thereby becomes 
included within the ganglion itself. Out of this median mesoderm will develop 
the median septum of neuroglia tissue, to which reference has already been 
made above. The ganglia are, at this stage, still associated with their ‘ventral 
organs’, and both in these and in the ganglia themselves mitosis is active. 
With further enlargement of the ganglia, and accumulation of neuropilem, 
the cleft separating the ganglion-halves becomes more and more reduced 
(fig. 98, PL 8), till eventually it vanishes (fig. 95, PI. 8). The inclusion of the 
median mesoderm within the ganglia in Pauropus seems to be unique; in 
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Scolopendra also a median septum of neuroglia tissue is present, but in this 
case it apparently arises from the median cord (Mittelstrang) ectoderm 
(Heymons, 1901). 

The fate of the ‘ventral organs’ is not identical in all the segments. In the 
ganglia of the three leg-bearing segments these structures become incorpo- 
rated into the ganglia themselves. Up to the ninth or tenth day a narrow median 
strip of ectoderm, not more than two or three cells in width, has intervened 
between the two rows of ‘ventral organs’ (fig. 78, PI. 7). These cells now begin 
to spread out, covering in the ‘ventral organs’ from below. The latter, already 
considerably reduced in size, thereby become shut off from the epidermis, 
and are now part of the ganglia (fig. 106, PI. 9). Their cell-orientation is soon 
lost, and thereafter they cannot be distinguished from the ganglion tissue. 

The ‘ventral organs’ of the collum segment are only partially absorbed 
into the ganglia, their vestiges remaining in the surface ectoderm, to become 
converted later into the ‘exsertile vesicles’ of that segment (section 14 (v)). 
The ‘ventral organs’ of the maxillary and mandibular segments do not become 
part of the ganglia. In the maxillary segment they remain in association with 
the Anlage of the intermaxillary gland, and eventually become partly absorbed 
into that gland, and partly into the adjacent epidermis (see section 10 (iv)). 
Those of the mandibular segment come to occupy part of the floor of the pre- 
oral cavity between the mandibles (fig. 70, PL 6; fig. 94 d, PL 8); they also 
become separated from the ganglia, being recognizable for a short time as a 
thickening on the floor of the pre-oral cavity, but their cell-orientauon is soon 
lost. They do not seem to give origin to any recognizable structure in the 
larva. In Symphyla the superlinguae are formed from them, but I cannot 
obtain certain evidence for this in Pauropus. 

It should be observed that in Pauropus there is no incorporation of ‘median 
cord’ (Mittelstrang) ectoderm into the ganglia, as in Symphyla, Chilopoda, and 
Insecta. 

Throughout the late embryonic and pupal periods both the neuropilem 
and the ganglionic tissue increase in quantity (figs. 107, 108, PL 9), and both 
longitudinal and commissural bundles of fibres soon become visible. There- 
after the successive ganglia become more clearly distinguishable (Text-figs. 
8, 9). The sub-oesophageal ganglion forms in the late embryo by fusion of 
maxillary and mandibular ganglia. The collum ganglion, though less clearly 
demarcated than the succeeding ganglia, does not fully merge with the sub- 
oesophageal ganglion. An early stage in the formation of the latter ganglion 
is shown in fig. 99, PL 8. 

The neurilemma seems to be derived directly from the cells of the ganglia; 

I have not found any evidence that the median mesoderm plays any part in its 
formation, though this might have been expected. Two such neurilemmal 
cells are shown in fig. 108, PL 9, where they are to be seen lying flattened out 
against the ganglia. The spongy neurilemmal cells on the roof of the neuropi- 
lem undoubtedly develop directly from cells of the nerve-cord. These cells 
may be seen in any of the following figures: figs. 95, 97, PL 8; figs. 107, 108, 
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109, PL 9. When first recognisable they are hardly to be distinguished from 
ganglion-cells (fig. 98, PL 8 ; fig. 106, PL 9). 

Special consideration must be given to the development of the terminal 
ganglia, i.e. the ganglia posterior to the fourth abdominal ganglion. The 
development of these ganglia, like the mesoderm of these segments, is much 
delayed (cf. Text-fig. 7), there being no indication of them until about the 
ninth day. A ‘ventral organ’ cell-disposition then becomes apparent, and 
thereafter the ganglion- Anlage grows rapidly in size. A few days before the 
formation of the pupa, neuropilem appears in the more anterior part of this 
ganglionic tissue (Text-fig. 8). At the same time a constriction appears, in- 
volving both the ganglion and the ‘ventral organ’, which becomes separated 
into a more anterior part, containing the neuropilem, and a more posterior 
part in which neuropilem is not yet present. The more anterior of these is the 
developing fifth abdominal ganglion (fig. 86, PL 7). The hinder, however, is 
not, as might have been expected, the future sixth ganglion, but the locus from 
which the new ganglia successively develop in the growing larva. I shall speak 
of it as the ‘teloblastic ganglion’. Its further development is described below 
(Post-emb. Dev., section 2). 

Since there is a small somite in the anal segment, the formation of an anal 
ganglion is to be expected. The evidence for this is not, however, satisfactory. 
It seems that, in the advanced embryo, a few cells from the anal ectoderm do, 
in fact, become incorporated into the hinder end of the pre-anal ganglion 
(Text-fig. 8); but I have never seen any indication of a clearly defined anal 
ganglion, and there is certainly no ‘ventral organ’ in this terminal segment. 

The most noteworthy feature of the developing nerve-cord of Pauropus is 
the presence of ‘ventral organs’ reminiscent of those of Peripatus and Sym- 
phyla. What is the significance of these peculiar structures? Kennel (1886) 
first described them in Peripatus , believing them to be the remains of a once- 
functional series of organs, of which a trace could still be seen in the adults of 
some species of Peripatus. The fact that, in Symphyla, their remains become 
converted into the exsertile vesicles seemed to support Kennel’s view; and in 
Pauropus also the peculiar organs of the collum segment, themselves reminis- 
cent of exsertile vesicles, also arise from ‘ventral organs’ (cf. section 10 (v)). 
Moreover, in the remarkable Peripatus- like Xenusion , of supposed pre-Cam- 
brian age, each segment bore a pair of conspicuous protuberances, in the 
position of the ‘ventral organs’ (Heymons, 1928). In the embryo of Scolo - 
pendra the ganglia arise by the immigration of cells from invaginated pits, 
which themselves become incorporated into the ganglia. Heymons (1901), 
who described this, was led to compare them to Kennel’s ‘ventral organs’; 
but, in opposition to Kennel, he concluded that the ‘ventral organs’, far from 
being the vestiges of ancestral organs, were merely loci of cell ingrowth. But 
neither Kennel nor Sedgwick (1887) make any statement as to the derivation 
of ganglion-cells from the ‘ventral organs’. In the embryo of Hanseniella also 
the ganglion-cells are mainly derived from a zone of unorientated cells be- 
tween the ‘ventral organs’ and the ganglia, mitoses within the ‘ventral organs’ , 



Based on a Study of Pauropus silvaticus 239 

being infrequent (Tiegs, 1940). In Pauropus mitoses are often met with in 
the cells of the ‘ventral organs’, but are in even greater abundance within the 
pngha themselves; yet their eventual incorporation into some ganglia can 
leave no doubt that they are themselves a source of ganglion-cell formation. 
While this is, perhaps, not a crucial objection to Kennel’s view, since it may 
be correlated with a reduction of exsertile vesicles in Pauropus, a more 
serious difficulty has arisen in the present work; for apparently normal 
ventral organs’ appear in association with the frontal and lateral lobes of the 
protocerebral ganglia (see next section). These ganglia do not form part of 
the ventral series at all, but belong to the supra-oesophageal ganglion. Their 
presence in these ganglia suggests, therefore, that ‘ventral organ’ formation 
is, m some undisclosed way, bound up with the process of ganglion formation, 

(ii) The Brain . This develops out of the following embryonic rudiments: 

(i) The great protocerebral ganglia, themselves constituted out of three 
separate pairs of lobes, viz. the posterior, lateral, and frontal. These comprise 
the true supra-oesophageal ganglion, or ganglion of the acron (prostomium). 

(ii) A pair of diminutive ganglia, probably to be regarded as the pre-anten- 
nary ganglia, or ganglia of the reduced first segment. 

(iii) The antennary ganglia, or ganglia of the second segment, out of which 
the deutocerebrum will develop. 

(iv) The pre-mandibular ganglia, or ganglia of the third segment, out of 
which will form the tritocerebrum. 

There is no median unpaired ganglion corresponding to the ‘archicerebrum’ 
of Heymons. (The use of this term by Heymons has introduced some con- 
fusion into the subject. In Lankester’s original form the name is applied 
to the ganglion of the annelid prostomium. Heymons correctly regards the 
entire protocerebrum as the equivalent of this ganglion, calling it, however, 
the ‘syncerebrum’, and reserving the term ‘archicerebrum’ for a small median 
unpaired component found in Scolopendra and Forficula. In Lankester’s 
definition, however, the ‘syncerebrum’ connotes the ganglion of the acron, 
fused with a number of originally post-oral ventral ganglia.) 

Almost from their first appearance the head-lobes of the embryo show a 
pair of pronounced lateral thickenings, the cells of which have a tendency to 
radiate inwards from the surface, after the manner of ‘ventral organs’ (fig. 58 A, 
PI. 5). These thickenings are the rudiments of the posterior lobes of the proto- 
cerebral ganglia, and give the first indication of the nervous system. During 
the seventh day, the head-lobes having considerably enlarged, these first 
recognizable rudiments of the brain come to lie nearer together, on the roof 
of the head, from where they now begin to invaginate below the surface. 
Throughout the seventh day their slit-like orifices are conspicuous on the roof 
of the head (figs. 25, 26, PI. 2), but during the eighth day they become closed. 

Meanwhile the ectoderm of the enlarginghead-lobes has markedly thickened, 
the zone of thickening spreading down almost to the developing pre-oral 
cavity. Within this thickened ectoderm a pair of new ganglionic masses may 
now be seen in course of formation, being located on the sides of the head, 
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between the invaginating posterior lobes and the stomodaeum. They are 
the indistinctly demarcated rudiments of the lateral and frontal lobes of the 
protocerebrum. These ganglion-rudiments are shown in fig. 68, PI. 6, the 
section passing ‘horizontally’ along the head, ventral to the invaginated pos- 
terior lobes, no part of which is present in the section; cell-proliferation is 
in active progress, mitoses occurring mainly among the surface cells, but 
there is not yet evident among these any obvious orientation. 

Confluent with the frontal lobes, and lying immediately to the side of the 
pre-oral mesoderm (future pre-antennary somites) are already to be seen the 
Anlagen of a pair of small ganglia. They lie just in front of the site of impend- 
ing formation of the antennary ganglia, and give rise to a part of the brain 
quite distinct from the protocerebrum. I shall speak of them as the pre-anten- 
nary ganglia, implying a probable homology with the pre-antennary ganglia 
of Scolopendra embryos (Heymons, 1901). They soon become quite con- 
spicuous, and are a constant feature of all embryos after about the eighth 
day. They give rise, moreover, to a well-defined part of the brain, viz. the 
‘septal ganglion* above described. I am bound to say that, as evidence for a 
pre-antennary segment, they are less satisfactory than might have been ex- 
pected from so primitive a myriapod as Pauropus, for owing to crowding 
together of the head-ganglia they merge closely with the protocerebral lobes. 
They lie, moreover, lateral to the somites, and not, as might have been ex- 
pected, median to them. This is probably in consequence of the remarkable 
displacement of segments which attends the formation of the pre-oral cavity. 
It should be observed that it is not the pre-antennary ganglia but the somites 
which are in an unusual position, for these lie close together in front of the 
stomodaeum. 

During the eighth day all the component ganglia of the future brain have 
become well defined. It is hardly possible to construct a single drawing which 
will depict them in relation to one another; from the series shown in figs. 67 A- 
f, PI. 6, however, the reader will be able to visualize them. The series repre- 
sents six successive sections cut ‘horizontally’ through the head of an 8-day 
embryo. In fig. a the section passes just under the posterior lobes of the 
protocerebral ganglia, which are growing down from the roof of the head, 
only a fragment of the ganglion on the right side being visible. In the lateral 
and frontal lobes the more superficially placed nuclei are beginning to recede, 
and therewith a typical ‘ventral organ* cell-disposition arises. This is also 
seen in the pre-antennary ganglion, which has itself now become quite distinct. 
In figs. B and c the large antennary ganglia are seen, lying immediately behind 
(below) the pre-antennary ganglia; the left ganglion already shows distinct 
‘ventral organ* structure. The antennae have by this time moved into a 
position anterior to the pre-oral cavity, the ganglia lying just medial to their 
bases, and therefore, unlike the more posterior ganglia, widely separated from 
one another. The pre-mandibular ganglia are also developing, and display 
a ‘ventral organ*. They lie at this period immediately to the rear of the 
developing pre-oral cavity, only subsequently becoming invaginated into it. 


4 
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They are shown in fig. f. Their post-oral position is best seen in fig. 80, PI. 7, 
which is from an embryo of about the same age. 

During the eighth day the peculiar radiating cell-disposition becomes more 
pronounced in the protocerebral ganglia, involving much of the frontal and 
lateral lobes (fig. 93, PI. 8). Mitoses are in abundance throughout the enlarg- 
es ganglia. The pre-antennary ganglia have become fairly clearly demarcated 
from the frontal lobes. It is during this period, also, that the enlargement of 
the pre-oral cavity, which is proceeding, begins to draw in the ‘ventral organs’ 
of the pre-mandibular ganglia, which now come to form part of the hinder and 
lateral walls of this cavity. An early phase of this migration of the pre-mandi- 
bular epidermis is seen in fig. 92, PI. 8 ; the drawing should be compared with 
figs. 67 e, f, PI. 6, in which the ganglion is still completely post-oral in position. 
The pre-mandibular ganglia thereby come to lie more to the side of the pre- 
oral cavity, the mandibular ganglion now lying close along the hinder margin 
of the latter (Text-fig. 7; compare, also, fig. 80, PL 7, and fig. 103, PI. 9). 

During the ninth and tenth days all three lobes of the protocerebrum 
undergo much enlargement. The posterior lobes begin to merge with the 
lateral lobes, and lose connexion with the epidermis on the roof of the head, 
whence they originated. Their invagination cavities are now quite obliterated. 
Flattening out considerably, they come into almost direct contact with one 
another on the mid-dorsal surface of the head. 

It is shortly after this, while the lateral and frontal lobes are still part of the 
epidermis, that the neuropilem is first seen (fig. 115A, PI. 9), and with its 
appearance the component lobes of the brain become still more firmly welded 
together (fig. 94, PL 8). The first-formed neuropilem is a transverse band 
passing between the lateral lobes, on the under surface and in front of the 
posterior lobes, and a large proportion of its axons comprise the protocerebral 
commissures. Thereafter the lateral and frontal lobes of the protocerebrum 
begin to separate away from the epidermis. This is not attended by a ‘bend- 
ing in’ of the ganglionic masses, as is the case with the posterior lobes; in- 
stead, the adjacent epidermis closes in under them, and, together with their 
‘ventral organs’, they lose connexion with the surface. 

It is quite impossible to depict the concluding stages in the formation of the 
brain except by means of sections. For the purpose, reference should be 
made to the series of ‘horizontal’ sections shown in figs. 94 a, b, c, PI. 8, to the 
frontal sections shown in figs. 1 1 o, 1 1 1 , PI. 9, and to the oblique section depicted 
in fig. 101, PI. 8. During the tenth day the deutocerebrum is seen in process 
of formation. The antennary ganglia have, by this time, lost connexion with 
the epidermis, their ‘ventral organs’ becoming absorbed into them. Though 
the main mass of the ganglia still lies under the frontal lobes to the side of the 
oesophagus (fig. no, PI. 9), a median fusion of opposite ganglia has taken 
place above the oesophagus, and within this the neuropilem is already appear- 
ing(fig. 94 b, PI. 8; fig. in, PI. 9; Text-fig. 8). Under this, ventro-lateral to the 
oesophagus, are the pre-mandibular ganglia (developing tritocerebrum) (figs, 
no, in, PI. 9; fig. 116 A, PI. 10): in appropriately directed sections their 
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‘ventral organs’ , which are now well within the pre-oral cavity, may be seen 
in process of separating from the latter, thereby to become incorporated into 
the ganglia; at the same time the inferior tritocerebral commissure is being 
formed below the oesophagus (fig. 94c, PI. 8; fig. ii6a, PI. 10). The pre- 
mandibular ganglia are now in partial continuity with both antennary and 
mandibular ganglia; the neuropilem between them is developing (fig. 101, 
PI. 8; fig. 1 16 a, PI. 10). 

Special interest attaches now to the pre-antennary ganglia. With the enlarge- 
ment of the frontal lobes of the protocerebrum, these ganglia are carried into 
an almost median position (fig. 101, PI. 8; compare this with fig. 67, PI. 6), 
but are prevented from meeting by a septum of epidermal cells that grow 
down from the roof of the head. This septum is shown in Text-fig. 8 and in 
fig. 101, PI. 8, fig. 1 1 1 , PI. 9, and fig. 1 17, PI. 10. The pre-antennary ganglia, as 
fig. hi shows particularly clearly, lie between the deutocerebrum and the 
frontal lobes of the protocerebrum ; in Text-fig. 8 the position of the epidermal 
septum also clearly defines their position. As fig. 101, PI. 8, and figs. 116 a, 

1 17, PL 10, show, the pre-antennary ganglia lie median to the neuropilem. 
There can no longer be any doubt that they are the ‘septal ganglia’, above 
, referred to, in course of development. The epidermal partition between them 
is detectable even in the adult animal (cf. Text-fig. 18 c). 

With continued growth of the ganglionic tissue and neuropilem, the brain 
enlarges more and more, till in the pupa its hinder end has intruded into 
the abdomen, just into its third segment (Text-fig. 9). It comes thereby to 
assume an increasingly horizontal position, the deutocerebrum lying no longer 
below, but actually in front of the protocerebrum, with which it is now closely 
merged. The pre-mandibular ganglia, hitherto completely post-oral in posi- 
tion, have meanwhile also begun, at their upper ends, to grow over the oeso- 
phagus (fig. 99, PL 8), and thereby come to form the anterior tip of the brain. 
The greater part of their substance remains, however, to the side of the oeso- 
phagus, so that ‘free’ connectives with the sub -oesophageal ganglion do not 
develop. The superior tritocerebral commissure is already distinguishable 
before the pupa forms. 

(iii) The Visceral Nervous System. The visceral ganglia appear much later 
than the rest of the nervous system. 

The frontal ganglion of the stomatogastric system is first seen in advanced 
embryos in which the neuropilem is already forming in the rest of the nervous 
system. It arises as a single, small, and unpaired median thickening of the roof 
of the oesophagus, near the hind end of the buccal dilator muscles (Te*t-fig. 
8; fig. 99, PI. 8); immediately behind it, to the side of the oesophagus, are the 
pre-mandibular (tritocerebral) ganglia. The rudiment of the ganglion soon 
becomes almost completely detached from the stomodaeal wall, and may now 
be seen wedged in between the hinder fibres of the buccal dilator muscles 
(fig. 91, PI. 7). Pressing against it from behind are the upper tips of the pre- 
mandibular ganglia, which have now fused with one another above the oeso- 
phagus. From the poiht of fusion of these ganglia, a short median band of 
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neuropilem with longitudinal axons is soon seen joining the frontal ganglion, 
forming its connective with the brain. Even in early pupae, however, the gang- 
lion itself seems to remain free from neuropilem, and the latter does not 
become recognizable until the time that the larva emerges. 

The oesophageal ganglia develop in such a surprising manner, that some 
doubt must be entertained as to whether they are, in truth, ganglia. They arise 
from the inner ends of the mandibular apodemes. In describing their develop- 
ment from the latter, some observations relating to the formation of the 
apodemes and associated parts may be included. In the 9-day embryo the 
ectoderm around the lateral margin of the mandibles begins to grow, as an 
apodeme, into the head, drawing in with it the mesoderm that is clumped at 
the base of the appendage (cf. section 8 (iv)). In the 10-day embryo these 
apodemes intrude backward in the head, as far as the superior surface of the 
mandibular ganglion. The developing hypopharyngeal apophyses, which 
have by this time begun to form (see section 14 (vi)), lie between them and the 
ganglion (fig. 94 d, PI. 8). During the tenth day cells begin to separate from 
the inner tips of the apodemes, and grow, under the hypopharyngeal apophyses, 
towards one another across the upper surface of the mandibular ganglion. Fig. 

1 1 5 A , PI* 9 > shows the initial phase of this process. In the rather later embryo 
shown in fig. ii6b, PI. 10, there has now been formed a continuous band of 
cells uniting the ends of the mandibular apodemes across the mandibular 
ganglion; it lies immediately to the rear of the tritocerebral commissure (cf. 
fig. 1 16 A, PI. 10). On the left side, in fig. ii6b, the section extends along a 
considerable length of the mandible, and shows incidentally the development 
of the ‘lateral ligament’, which will later bind the tip of the mandible to the 
lateral head-wall; this ligament is shown in fig. 111, PI. 9. In the still later 
embryo shown in fig. 117, PI. 10, the band of cells uniting the mandibular 
apodemes is beginning to develop a pair of swellings, and therewith we see 
the first indication of the actual ganglia; incidentally, it may be noted, a new 
feature has appeared in this section, namely, a connexion between the apophy- 
sis and the mandibular apodeme, and this constitutes the ‘median ligament’ of 
the latter (see section 6 (ii) ( b )). Finally, in the advanced embryo the connect- 
ing band between the apodemes disappears, its cells being wholly concen- 
trated in the two oesophageal ganglia (figs. 1 18, 1 19, PI. 10). (The reader who 
compares fig. 1 18 with fig. 1 17 will suspect that the oesophageal ganglia of fig. 

1 18 are surely identical with the rounded bodies labelled ‘tritocerebrum’ in 
Fig. 1 17. It should be explained that the hindermost tips of the tritocerebral 
ganglia intrude a little into the section from in front (see especially fig. 1 16 A, 
b) but are quite distinct from the oesophageal ganglia. For the relation of the 
latter to the tritocerebrum, see fig. 119, PI. 10.) The ganglia, at this period, 
show no obvious association with the oesophagus ; but in the pupa we see them 
clearly attached to the under surface of the latter. 

The remarkable manner of formation of the oesophageal ganglia, not from 
the oesophageal wall, but from the bases of the mandibles, recalls current 
descriptions of the formation of the corpora allata of insects rather than of the 
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oesophageal ganglia. In Calandra the corpora allata come from the antennary 
mesoderm (Tiegs and Murray, 1938); but in all other cases investigated — 
Forficula, Gryllus (Heymons, 1895); Bacillus rosii (Heymons, 1897); Ghalico- 
doma (Carrtere and Burger, 1898); Formica (Strindberg, 1913); Apis (Nelson, 
1915); Pieris (Eastham, 1930); Carausius (Wiesmann, 1926; Pflugfelder, 1937) 
— they develop out of the ectoderm between the bases of the mandibles 
and maxillae. There is, however, nothing in the structure of the oesopha- 
geal ganglia of Pauropus to suggest any affinity with corpora allata, for they 
present no indication of glandular structure. In the phasmid Carausius y 
where the development of the ‘pharyngeal ganglia’ has been specialty investi- 
gated (Wiesmann, 1927; Pflugfelder, 1937), they are found to arise from the 
oesophageal wall in close association with the hypocerebral ganglion. Here 
they appear to be of mixed glandular and nervous nature (corpora cardiaca), 
and cannot therefore be compared with the oesophageal ganglia of Pauropus . 

The small stomachic ganglion develops in the usual way, by separation of 
cells from the hind end of the fore-gut (Text-fig. 8). 

The caud&l system of visceral nerves is a part of the terminal abdominal 
ganglion, and its development does not, therefore, present any special problem. 
The visceral ganglion does not, indexed, become demarcated from the terminal 
abdominal ganglion until late in the fourth larval stadium. 

14. The Epidermis and Some Simple Derivatives 

(i) The Epidermis. The differentiation of the blastoderm, during the fifth 
day, into provisional body-wall and germ-band, involves a gradual thinning 
out of the former, with attendant flattening of cells; and, in the germ-band, an 
increase in thickness, its closely crowded cells becoming columnar, with no 
very clear indication of delimiting cell-walls. In later embryos the ectoderm 
of the germ-band becomes even thicker, the nuclei lying often several deep 
(figs. 63, 65, PI. 5); in some preparations the delimiting of cells in the ectoderm 
and other parts now appears quite pronounced, while in other preparations it 
is not perceptible. In the ‘ventral organs’, with their tapering and radiating 
cells, cell-demarcations are particularly clear (fig. 104, PI. 9). 

The great thickening of the ectoderm of the germ-band is, of course, associ- 
ated with the development of the chain of nerve-ganglia and of the appen- 
dages. When the ganglia separate away from the epidermis the latter becomes 
reduced to a comparatively thin membrane. The epidermis of the appendages 
also thins out when these elongate. 

During the eighth or ninth day a process of epidermal thickening begins 
to spread from along the margin of the germ-band over the provisional 
body-wall. As it proceeds, intersegmental grooves make their first appearance 
along the lateral walls of the embryo, their cells having a distinctly fusiform 
character. In the advanced embryo (fig. 29 a, PI. 3) the thickening has spread 
on to the mid-dorsal surface, where the intersegmental grooves are now ex- 
ceptionally deep. On the pleural walls of the abdominal segments the epider- 
mis remains unusually thin, with widely spaced nuclei, and through it the yolk 
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may still he seen. It should be observed that the ceils of the provisional body- 
wall do not degenerate before the advancing zone of epidermal thickening, but 
are themselves involved in the thickening, for mitoses are abundant among 
them. & 

The embryonic and pupal cuticles, to which reference has already been 
made in section 6 (ii), develop on about the eighth and twelfth day respectively. 
The definitive cuticle of the first instar larva does not form until late in the 
pupal period. 

The great cutting setae of the first embryonic cuticle develop from large cells 
that appear in the epidermis during the ninth day (fig. hi, PL 9). These 
setigerous cells may still be seen in early pupae, ^but thereafter seem to be- 
come incorporated as ordinary cells into the epidermis, for I have not seen 
any in process of disruption. 

The setae which adorn the body of Pauropus are remarkable for their 
variety of form. Most of them do not appear until a day before the larva 
emerges from the pupal sheath. The smallest setae are certainly the products 
of single epidermal cells, which grow beyond the surface of the epidermis and 
then chitinize. The extraordinary ‘flagella’ of the antennae, on the other hand, 
seem to arise by the co-operation of several cells. They begin to form in very 
young pupae (fig. 32 b, PI. 3), two or three cells at the tips of the antennal rami 
sending out a common protoplasmic filament which thickens and then elon- 
gates, and assumes the peculiar annulated form of the flagellum. The flagella 
are hollow, and have a protoplasmic axis. 

(ii) The Trichobothria. These are the great sensory setae, there being a 
single pair on each of the tergal scutes except the first and last (diminutive 
anal) see Text-figs. 4, 23, 24. Most writers regard them as tactile sensilla; 
Verhoeff (1934), however, believes that as tactile organs they would be super- 
fluous as the animal is already generously supplied with these, and suggests 
that they may be used for the detection of air currents. I find, however, that 
when a trichobothrium is gently touched with a fine needle the animal 
responds by turning swiftly to avoid the contact. 

Each trichobothrium is a long, slender, chitinous seta, covered, for its greater 
length, with a very fine pubescence. At its base it has a bell-shaped expansion, 
which is sunk a little below the adjacent chitin. The underlying epidermis 
forms a thick bulbous swelling, from which the nerve passes down beside the 
dorso-ventral muscle into the hinder part of the ganglion of the same segment. 
The structure of this epidermal thickening is difficult to elucidate. Two kinds 
of cell are readily distinguished within it (Text-fig. 19 f, g): (i) A group of 
eight or nine large cells, with pale nuclei, connected by very fine filaments 
with the chitinous floor of the depression, within which the base of the seta 
is lodged (Text-fig. 19 g). It is probable that these cells are the sensory cells of 
the organ ; I cannot, however, recognize any connexions of these cells with the 
almost imperceptible nerve-fibrils of the sensory nerve, (ii) Numerous small 
cells, with more deeply staining nuclei, some of which form a peripheral 
investing layer, while others form a central core of cells. From the latter a 
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cytoplasmic extension can be followed into the base of the seta. These smaller 
cells are probably not sense-cells; those which form the central core are 
evidently trichogen cells. 



Text-fig. 19. Structure and development of the trichobothrium. 

A. From late embryo, b. From an early pupa, showing initial stage in formation of seta. 

C. From a later pupa. d. From a very advanced pupa; chitinization has begun, and the 
expanded base of the seta is forming, the base being occupied by several of the core of 
trichogen cells, e. From a newly emerged larva; note vestiges of trichogen cells within 
base of seta, f, g. From an adult animal, the sections being transverse and longitudinal 
respectively; in G ais in E only the base of the seta is indicated. 

Lettering, b.s base of seta; c chitin; i.c investing cells; n nerve; s seta; s.c sense-cells; 
tr.c trichogen cells. 

The rudiments of the trichobothria first become manifest on the tenth day, 
as deeply staining aggregations of epidermal cells in the newly forming defini- 
tive body-wall. Two pairs only are present, on the fifth and third abdominal 
segments respectively (figs. 29 a, 31, PL 3). In sections they appear as promi- 
nent thickenings of the ectoderm that intrude into the underlying yolk (fig. 
94 B, PL 8 ; fig. 106, PL 9). Almost from the beginning the cells of the thicken- 
ings show a tendency to radiate inwards from a point on the surface (fig. 94 B, 
Pl. 8, left side; Text-fig. 19 a), and this is soon followed by the appearance of a 
cavity within the thickening. Into the cavity there intrudes a gradually 
lengthening filament, arising from a few rather more deeply staining cells on 


Based on a Study of Pauropus silvaticus 247 

its floor. From the filament will develop the seta; the deeply staining cells 
are trichogen cells. In this condition the developing trichobothrium is found 
in late embryos and early pupae (Text-fig. 19 b). In rather older pupae we 
see a, greater development of the central core of trichogen cells, a few of which 
are themselves intruding into the cavity, but the sense-cells are not yet dis- 
tinguishable (Text-fig. 19 c). The latter do not, indeed, become apparent till 
late in the pupal period, by which time the nerve has become recognizable 
(Text-fig. 19 d). There is now a very marked distinction between the sense- 
cells and the outer layer of the investing cells, while the central core of tricho- 
gen cells is also conspicuous. Of the latter, a few have clumped together to 
form the expanded base of the seta, on the surface of which chitin has begun 
to form. The seta itself has grown in length, and has coiled up beneath the 
pupal cuticle. In newly emerged larvae the vestiges of the cells within the 
expanded base of the seta are still to be seen as rounded, heavily staining 
clumps of degenerate chromatin (Text-fig. 20 e), but these soon disappear, 
leaving only a short stretch of cytoplasm from the core of the trichogen cells 
to enter the base of the seta. 

The Pseudoculi. These large and problematical organs were first 
described by Lubbock (1868) as eyes. It is now recognized that in their struc- 
ture they present little in common with visual organs, and they are usually 
spoken of as pseudoculi. Their general features suggest some sensory organ. 
Kenyon (1895) was unable to detect any nerve passing to them, but Silvestri 
(1902) states that they are connected by a nerve with the deutocerebrum. They 
present little scope for embryological investigation; their structure, however, 
is well worth examining. 

They form a pair of very large, irregularly oval, clear, bulging protrusions 
of the chitin on the lateral head- wall, perfectly smooth, and free from any hairs 
or setae (Text-fig. 2 c). Their chitin, which is rather thin, is detached from the 
epidermis, which does not bulge. Silvestri attributes the glassy appearance of 
the pseudoculi to air-content; yet in a freshly killed animal, quickly immersed 
in glycerine, they do not show the familiar total reflexion of an enclosed air- 
pocket, the space between the epidermis and its bulging chitin being evidently 
occupied by fluid. 

The epithelium of the pseudoculi consists of unusually large epidermal cells ; 
it is mostly one cell in thickness, though in the mid-region they may lie several 
deep (Text-fig. 20 a). The nerve-fibres from the pseudoculi sweep forward 
towards the lateral expansion of the deutocerebrum, then curve back and 
enter the frontal lobe of the protocerebrum (Text-fig. 16 a). Their attachment 
to the pseudocular epithelium is difficult to observe ; they seem to come chiefly 
from the inner zone of cells at its middle. 

When examined in profile, there is seen, intruding into the chitin of the 
pseudoculus from its hinder margin, a small process of thick chitin from the 
head-wall (Text-fig. 2 c). Near its tip is a minute spherical globule (Text- 
fig. 20 b), which proves to be an excavation of the chitin from within. The 
protoplasm of the adjacent epidermal cells intrudes into the excavation, the 
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connexion being particularly well seen when the adjacent epidermis shrinks 
from the chitin (Text-fig. 20 c). This peculiar structure probably serves no 
other purpose than to prevent detachment of the chitin from its epithelium, 
along the hinder margin of the pseudoculus. 

Of all the known types of sense-organ, the pseudoculus resembles most 
nearly an organ of hearing. The presence of fluid, rather than air, within it 



Text-fig. 20. The pseudoculus and associated structures. 

A. Right pseudoculus, viewed from above in optical section; inner end of mandible and 
pseudocular gland also shown, b. Drawing, under high magnification, of the small 
globule-bearing process of chitin that intrudes into the hinder margin of the chitin of the 
pseudoculus c. Section through same, showing attachment of the epidermis within the 
globule- the attachment is sufficiently firm to resist the shrinkage which has detached 
the epidermis from the chitin in the region just behind (below, in drawing) the pseud- 
oculus. D. Section along the left pseudoculus of an undescribed species of Pauropus, show- 
ing the ‘pistil’. 

Lettering, e.ps epidermis of pseudoculus ; g globule ; gl.ps pseudocular gland ; mn man- 
dible ; mn.l.l lateral mandibular ligament ; p ‘ pistil’. 

would probably preclude any effective reception of air-borne sound waves, 
the ‘globulus’ of the antenna being probably the organ of hearing in air. But 
it should be recalled that the Pauropoda live under stones or in decaying wood, 
in which environment the pseudoculi could probably receive vibrations by 
direct contact with solid material. _ 

In another (undescribed) larger species of Pauropus, sometimes found in 
small numbers with P. silvaticus, the pseudoculus conveys even more vividly 
the impression of a vibration-receiving organ. Traversing the cavity of the 
pseudoculus near its middle there is, in this species, a peculiar structure which 
recalls the ‘pistil’ described by Silvestri (1920) from Alhpauropus bremsetus. 
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It is attached to the inner wall of the pseudocular chitin, and is hollow, its 
cavity being occupied by a vitreous concretion (Text-fig. 20 d). A firm con- 
nexion of this kind might be an effective means of transmitting any motion of 
the chitm to tjie underlying epithelium. 

The few observations that I have made on the development of the pseud- 
oculi are described in section io (v). 

(iv) The Basal Antennal Sense Organs. Between the bases of the antennae 
are a pair of very pronounced thickenings of the epidermis, each connected to 
the deutocerebrum by a thin nerve that lies well above the main antennal 
nerve (Text-figs. 16, 17). Although located mainly outside the antenna, these 
epidermal thickenings intrude a little into the basal antennal segment, to the 
wall of which they are attached (Text-fig. i6a). 

Such an organ might be expected to respond to movement of the antenna 
as a whole, recalling, in this respect, the peculiar organ of Johnston of the 
pedicellus of the insect antenna. 

1 hey arise as local thickenings of the epidermis in very advanced embryos 
(fig. 102, PI. 9). Their nerves probably grow into the brain along the tergal 
adductor muscle of the antenna, alongside which they lie. 

(v) The Exsertile Vesicles ( ?) of the Collum Segment. These peculiar struc- 
tures are generally regarded, though for no good reason, as the vestigial appen- 
dages of the first abdominal segment. Schmidt (1895), who first suggested this, 
had, however, already recognized their possible affinity with the exsertile 
vesicles (coxal sacs) of Symphyla. 

They are borne on a pair of gentle swellings on the floor of the collum seg- 
ment, beyond which they protrude towards one another, ending in a slight 
button-like expansion (Text-figs. 2 b, 24). Each organ appears as a compact 
bulbous swelling of the epidermis that intrudes well into the body-cavity. It 
consists of five or six large cells, without obvious cell-boundaries. Their cyto- 
plasm is, for the greater part, granular; but toward the free end it acquires a 
peculiar hyaline texture, and, unlike the rest of the organ, stains very deeply 
(Text-fig. 21). The exposed tapering end of the organ is invested in chitin, 
which becomes thinned out and reduced to a just perceptible sheath on the 
button-like expansion. The nature of these peculiar structures is not known 
with certainty. It has been suggested that they may be sense-organs; there is, 
however, no clearly recognizable nerve connected with them. It seems more 
probable that they should be compared with the exsertile vesicles of certain 
other myriapods and primitive insects ; but it should be noted that there is no 
muscle connected with them, though a thin muscle is attached to the chitin 
immediately to their rear (Text-fig. 17). 

They develop from vestiges of the ‘ventral organs’ of the collum segment, 
and not out of appendage- Anlagen. In embryos aged about 10 days these 
‘ventral organs’ may be seen in progress of absorption into the collum gang- 
lion, which has itself now separated almost completely from the epidermis 
(fig. 95, PI. 8). Sections from more advanced embryos, taken at exactly the 
same level, show that a small group of cells from each ‘ventral organ’ has 
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remained within the sternal epidermis, and from here intrude into the body- 
cavity (fig. 96, PI. 8). Out of them the exsertile vesicles will develop. In early 
pupae the cells and their nuclei are seen to enlarge, and acquire a granular 
texture of cytoplasm (fig. 97, PI. 8). Thereafter their lower tapering ends 
begin to protrude beyond the surrounding epidermis, and form the peculiar 
button-like flattening above referred to. They now differ from the adult 
organs only in their smaller size. 

The gentle swelling on the floor of the collum segment, on which these 
organs are borne, may readily be seen in advanced embryos (fig. 30 A, PI. 3). 



exv 


Text-fig. 21. Transverse section through floor of collum segment, from a second instar 
larva, showing structure of ‘exsertile vesicle’. 

Lettering . ex.v exsertile vesicle ; f.b fat-body; g collum ganglion; v.l.m ventral lonjgitu- 
dinal muscle. 

In Symphyla, where there is a succession of well-developed exsertile vesicles 
along the abdominal segments, their derivation from the ‘ventral organs’ of the 
embryo is clear (Tiegs, 1940). The similar origin of the organ of the collum 
segment of Pauropus is additional evidence of affinity with exsertile vesicles, 
and is conclusive evidence against their supposed homology with appendages, 

for these arise in a position lateral to the ‘ventral organs’, 

(vi) The Coxal Apodemes and the Hypopharyngeal Apophyses. The coxal 
apodemes, which are shown in Text-fig. 15, are thin, backwardly directed 
chitinous ingrowths from the anterior margin of each coxa, and are connected 
at their hinder ends with intersegmental attachments of the ventral longi- 
tudinal muscles. They arise in the advanced embryo as simple epidermal in- 
growths from the bases of the coxae, and become chitinized shortly before 
the larva emerges (fig. 107, PI. 9). 

The structure of the hypopharyngeal hypophyses is described in section 
6 (ii) ( b ). They begin to form on about the ninth day, as a pair of ingrowths 
of epidermal cells, just anterior to the mandibles, and a little median to the 
pre-mandibular glands. In the absence of intersegmental lines it is impos- 
sible to determine accurately their segmental allocation; but their position 
immediately in front of the mandibles makes it probable that they are actually 
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of intersegmental origin, having grown in along the intersegmental line 
between the mandibular and pre-mandibular segments. During the tenth 
day they grow back into the cavity of the head, where they may be seen in a 
groove between the pre-mandibular and mandibular ganglia, just median 
to the ingrowing mandibular apodemes (fig. 115A, PI. 9). In sections cut 
‘horizontally’ through the head they are found to have bent round the ganglia 
on to the (posteriorly directed) superior surface of the latter (fig. 94D, PI. 8). 
In contact with them, at their sides, is the mesoderm of the mandibles. 

Before the end of the tenth day the hinder tips of the ganglia have become 
connected, behind the pre-mandibular ganglia, with the mesoderm cells from 
the oesophagus; out of these mesoderm cells, which may be seen in fig. ii6b, 
PI. 10, will develop the oesophageal dilator muscles. Already at this time the 
ascending arms of the apophyses have begun to form; the latter may be seen 
in fig. 1 16 A, PI. 10, growing up over the lateral surface of the brain on to the 
dorsal head-wall, and it will be evident from the section (which immediately 
precedes fig. ii6b in the series) that the ascending arms develop at only a 
short distance from the hinder tips of the apophyses. 

In the advanced embryo a short string of cells has appeared connecting the 
mandibular apodemes with the hypopharyngeal apophyses (fig. H7,P1. 10), but 
from which of these two structures they have arisen I am unable to state. In them 
we see the Anlage of the median ligament of the mandible (see section 6 (ii) ( b )). 

In young pupae the apophyses are still two separate cords of cells that bend 
round the tritocerebrum from their point of origin just in front of the mandibles 
to their attachment to the oesophageal dilator muscles, and with the ascending 
arm arising from near their hinder ends (fig. 119, PL 10). But as the pupa 
matures the ganglia recede considerably in the head (cf. Text-figs. 8, 9), en- 
forcing elongation of the apophyses, which now enter the collum segment; 
and this elongation takes place mainly behind the point of origin of the ascend- 
ing arms. The oesophageal dilator muscles, hitherto transversely disposed 
(fig. 1 17, PI. 10), are thereby drawn into a position in which they lie more and 
more parallel with the oesophagus; this is, indeed, already seen in fig. 119, 
PI. 10. With the enlargement of the apophyses, their bases approach one 
another below the oesophagus, where they finally fuse (fig. 120, PI. 10) ; in this 
way the ring round the oesophagus begins to develop. 

In these late pupae the apophyses are seen to be continued into two diverg- 
ing arms of cells that lie in front of the mandibles. From fig. 120, PI. 10, it is 
evident that they form part of the wall of the pre-oral cavity, and that they are 
the suspensorium of the hypopharyngeal apophyses (see section 6 (ii) (&)). 
They should probably be assigned to the pre-mandibular segment. 

Shortly before the larva is due to emerge the apophyses develop an inner 
core of chitin. 

(vii) The ‘ Dorsal Organ \ An unpaired ‘dorsal organ* is present in the 
embryo of Pauropus , being located in the provisional body-wall mid-dorsally 
between the anterior and posterior tips of the germ-band. 

There is much individual variation in the time of its appearance; the large 
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cells out of which it will form are sometimes distinguishable as early as the 
advanced gastrula, while in exceptional cases even late blastoderms are met 
with in which they are not yet recognizable. 

A section through a late gastrula, with the ‘dorsal organ’ in course of forma- 
tion, is shown in fig. 46, PI. 4; a group of five ‘yolk-pyramids’ (of which two 
only are present in the section) are here distinguishable by the great size 
of their nuclei, which, unlike those of the adjacent blastoderm, still lie em- 
bedded in the yolk. On the other hand, in the early blastoderm shown in 
fig. 47, PI. 4, such cells are not even present. But in advanced blastoderms 
they may almost always be seen. Below them the intravitelline protoplasmic 
reticulum is unusually dense, and extends even as far as the central clump of 
endoderm (figs. 48, 49, PI. 4; fig. 53, PI. 5). Throughout the whole course of 
development of the ‘dorsal organ’, its cells remain, without cell-walls, in 
direct continuity with this intravitelline protoplasm. 

Probably in consequence of individual differences in the time of first appear- 
ance of the ‘dorsal organ’, sections through the immature organ do not present 
any uniform picture. Sometimes the large nuclei lie well below the surface 
of the egg, embedded in yolk (fig. 48, PI. 4); and here we are probably con- 
cerned with an organ which has begun to develop prematurely in the gastrula. 
In other cases the enlarged cells are a portion of the blastoderm itself, and give 
no evidence of having arisen within the yolk (fig. 49, PI. 4). Eventually, how- 
ever, there is formed, in all cases, a circular disk of enlarged cells which have 
their long axes towards the middle of the disk (fig. 55, PI. 5) ; their cytoplasm is 
granular and suggests a secretory function. This circular disk of enlarged cells 
is sometimes, as in the case here illustrated, present as early as the blastoderm 
stage ; but more frequently it does not appear till well after the germ-band has 
formed. 

In this condition the organ does not long remain, for it soon intrudes more 
deeply into the yolk, while a depression develops at the surface in which a 
secretion then begins to appear (fig. 56, PI. 5 ; Text-fig. 5). This soon increases 
in quantity, filling the gradually deepening hollow in the middle of the disk, 
and slowly spreading from there outwards underneath the blastodermic 
cuticle (fig. 57, PI. 5). 

During the eighth day the organ shows signs of becoming constricted off 
from /the surrounding epidermis (Text-fig. 7; fig. 103, PI. 9), and eventually 
loses connexion with the latter, its cells undergoing disruption in the yolk. 
The secretion is usually visible for a few days longer, spreading for a little 
distance from the site of the former organ beneath the blastodermic cuticle, 
to which it probably serves to attach the embryo. 

Students of arthropod development have long been familiar with the occur- 
rence of ‘dorsal organs’ and paired ‘dorso-lateral organs’ in the embryos of 
some of the most diverse members of the phylum. There can be little doubt 
that the organs referred to by this name are not all homologous, and structur- 
ally they may differ widely. The Symphyla, Collembola, and Campodea are 
distinguished by the possession of an unusually remarkable organ, for it is the 
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source from which a system of extra-embryonic filaments radiate, sometimes 
for long distances, over the surface of the embryo (Tiegs, 1942 0, 1942 b). The 
presence of similar organs in the embryo of Pauropus would not have caused 
surprise; as it has turned out, however, the most singular feature of this type 
of organ— the system of extra-embryonic filaments— is lacking. Neither in 
^*pl°P°da nor Chilopoda is a dorsal organ’ of this type known, and it may, 
for the present, be regarded as limited to Symphyla and primitive insects. 

The ‘dorsal organ’ of Pauropus recalls, in one respect, the paired ‘dorso- 
lateral organs of certain crustacean embryos. In Idotea these organs have a 
glandular function, their secretion probably serving to attach the embryo to 
the egg-shell (Nusbaum and Schreiber, 1898). In Hemimysis the organ is also 
secretory (Manton, 1928). In both cases it is purely transitory, and degene- 
rates within the yolk. * 

15. The Muscular System * 

{a) Musculature of Adult 

Silvestri (1902) has already given a good account of the principal muscles of 
Allopauropus brevisetus . His description, however, omits the muscles of the 
mouth-appendages, on which information is specially needed. For the pur- 
pose of the present work I have made a more complete examination of the 
adult musculature, which on the whole has confirmed Silvestri’s work. 

The tergal muscles of the head (Text-fig. 22 b, d) comprise: (ij Two long 
muscles ( t.ab.a , t.ad.a ), which pass forward from the occipital suture, and 
are attached to the base of the antenna, on which they exert an abductor and 
an adductor function respectively; (ii) a very large dorsal-longitudinal muscle 
( d.l.m.h ), lying lateral to these muscles, originating from the occipital suture, 
and attached in front to the wall of the head-capsule, lateral to the antenna ; this 
peculiar muscle has, for its probable function, the adjustment of convexity of 
the chitin of the pseudoculus; (iii) two large muscles originating from the roof 
of the head-capsule and inserted on to the mandibular apodeme, one ( t.rt.mn ) 
running forward, and acting probably as a retractor on the mandible, while 
the hinder and shorter muscle ( t.d.mn ) is probably a depressor; (iv) a long and 
narrow levator (?) of the maxilla ( t.l.mx ), taking origin from the occipital suture, 
and inserted on to the stipes of the maxilla; (v) a narrow retractor (?) of the 
maxilla, arising from the side of the head, and attached to the maxillary apo- 
deme ( [t.rt.mx ; Text-fig. 22 a ). * 

Most of the sternal muscles of the head-appendages take origin from the 
hypopharyngeal apophyses. They comprise (Text-fig. 22 a , c) : (i) Two narrow 
muscles (s.r.a) to the basal segment of the antenna, upon which, according to 
Silvestri, they may exert a rotator effect; (ii) a strongly developed set of muscles 
to the mandible, most of which must act as adductors (s.ad.mn); (iii) a muscle 
which takes origin from the suspensory plate (Text-fig. 2F) lies parallel with 
the mandible and probably acts as protractor (. s.pr.mn ); (iv) a long and narrow 
muscle ($'pr.mx) arising from the apophysis and attached to the hinder end of 
the maxillary apodeme, and functioning probably as a protractor. Associated 
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with the maxilla are at least two small muscles : (i) a flexor muscle passing from 
the stipes to the iacinia (/./); (ii) a very thin sternal depressor (?) arising from 
the floor of the head ( s.d.mx ; Text-fig. 22 b). 

The muscles associated with the fore-gut and pre-oral cavity are (Text- 
figs. 17, 23 A, c): (i) Two sets (outer and inner) of short buccal dilator muscles 
(b.d.m), the m. elevatores palati of Silvestri, which pass from the roof of the 
pre-oral cavity to the clypeus ; (ii) a pair of muscles that arise from the late- 
ral margins of the intermaxillary plate, and converge on to the floor of the 
pre-oral cavity, on which they act as depressors ( b.dp ) ; (iii) a short retractor to 
the clypeus (r.c), arising from the hypopharyngeal apophysis; (iv) a set of very 
strongly developed oesophageal dilator muscles ( oes.d.m ), which take origin 
from the hindermost end of the apophysis, and pass forward to become 
attached to the floor of the oesophagus ; th,e remarkable development of these 
muscles suggests a strong suctorial function for the oesophagus (see also Text- 
fig. 1 6 b). 

It should be noted that there are no muscles arising from the dorsal arm of 
the hypopharyngeal apophysis; this arm is attached by fibrous tissue to the 
occipital suture, and evidently imparts stability to the apophysis. 

The musculature of the antenna (Text-fig. 22 g) comprises a number of 
short flexor (/.a) and extensor ( ex.a ) muscles, passing between the segments, 
as well as a flexor ( f.r ) and extensor ( ex.r ) muscle for each of the two rami. 

The trunk musculature, as might be expected for such active animals, is 
strongly developed. The following sets of muscles may be identified (Text- 
fig. 22 c, d, e): (i) the dorsal longitudinal muscle (J./.m), comprising some rela- 
tively long muscles that run from the middle of one tergal shield to the middle 
of the next, as well as some shorter slightly diverging muscles that pass for- 
ward or backward from the middle of one tergite to the posterior or anterior 
margin respectively of the adjacent tergites (see Text-fig. 22 d); (ii) a set of 
oblique abdominal muscles ( obl.a ) which pass downwards from the anterior 
margins of the tergal shields, and become attached at the intersegments, 
one or two segments to the rear; (iii) a set of oblique abdominal muscles 
(obLb) which pass upwards from their intersegmental attachments, and 
become connected to the hinder margins of the tergal shields, usually of 
the succeeding segment (the most anterior of these acts as a retractor of the 
head — rt.h) ; (iv) simple dorso-ventral muscles (d.v.m) that pass down from the 
tergal shields to become connected at the intersegments, the fourth, sixth, 
eightfi, and tenth segments, which are devoid of tergal shields, utilizing the 
preceding tergal shields for the dorsal attachment of these muscles; (v) the 
ventral longitudinal muscles (v.l.m), segmentally disposed, and attached at 
successive intersegments, the most anterior of this set being attached to the 
hypopharyngeal apophyses; (vi) a set of crossed sternal muscles (c.s.m)> which 
pass back from one intersegment to the succeeding intersegment of the other 
side (Text-fig. 22 e). 

Apart from these muscles there are also three large muscles that exert an 
action on the head (Text-fig. 22c). These are: (i) a rotator (r.h) arising from 
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Text-fig. 22. Muscular System. 

A. Head and collum segment, viewed from below; on the left side has been drawn the man- 
dible, on the right the maxilla only. b. Head and collum segment in lateral view. c. Trunk 
musculature, lateral view; the numerals attached to individual trunk-muscles are for 
comparison with Text-fig. 25. d. Tergal muscles, viewed from above, e. Sternal muscles, 
viewed from below, f. Right leg, in ventral view. g. Antenna. The key to the lettering 
of the muscles is given in the text. 

Additional lettering: a antenna ; c.s collum segment ; cx coxa ; /femur; h head ; h.a hypo- 
pharyngeal apophysis; h.a.a ascending arm of latter; l t -l & first to fifth legs; m.l.m 
median ligament of mandible; mn mandible; nix maxilla; oc. s occipital suture; oes oeso- 
phagus; s.abt second abdominal segment; s.p suspensorial plate; tb tibia; ts tarsus* tr 
trochanter. 
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the hinder margin of the collum segment; (ii) a levator (Ui) arising from the 
floor of the collum segment (see also Lm.h, Text-fig. 17); (iii) a long and 
powerful retractor ( rt.h ), arising from the hinder margin of the second tergal 
scute, and attached to the hinder margin of the head (this muscle is, as Text- 
fig. 22 c shows, the first member of the second oblique series) ; (iv) two pairs 
of thin muscles passing to the floor of the collum segment (shown in Text- 
fig. 22 c, but not labelled). 

The extrinsic musculature of the leg comprises the following muscles (Text- 
fig. 22 c, e) : (i) three tergal muscles for each leg, namely, a large pro-motor 
(t.pr.l), a weaker abductor ( t.ab.l ), and ah exceptionally lar^e backwardly 
directed re-motor ( t.r.l ); (ii) two sternal muscles arising intersegmentally from 
the opposite side, one muscle being attached to the trochanter of the leg and 
acting evidently as a levator ( s.l.tr ), while the other muscle is attached to the 
apodeme of the coxa, and is probably a pro-motor of the leg (. spr.l ); (iii) a 
short adductor (?) from the apodeme to the coxa (s.ad.l) (Text-fig. 22 f). 

The intrinsic muscles of the leg have already been describedby Silvestri ( 1 902) 
and Ewing (1928). Both these authors have shown that there are no muscles 
arising within the last three segments of the leg, which, following Ewing, we 
may therefore regard as tarsus. The muscles of the leg are shown in Text-fig. 
22 f. The principal muscles of the coxa comprise a strongly developed 
system of depressor muscles for the trochanter ( d.tr ); I cannot recognize a 
levator for the trochanter, other than the large sternal levator which arises 
from the opposite intersegmental apodeme. The remaining muscles of the 
leg comprise : (i) a strongly developed system of flexors and extensors for the 
femur (/?./; ex.f ); (ii) extensor and flexor muscles for the tibia (ex.tb; fl.tb)\ 

(iii) a large flexor for the tarsus ( fl.ts ), an extensor being apparently absent; 

(iv) a muscle inserted by a long tendon on to the claw, and acting as a flexor of 
the claw and of the tarsus ( fl.c ). 

(b) Development 

(i) Muscles of the head . The tergal muscles of the antenna and the dorso- 
lateral longitudinal muscle of the head arise from the antennary mesoderm. 
After breakdown of the antennary somite, the hollow of the antenna becomes 
filled with an unorganized mass of mesoderm cells which, during the ninth 
day, spreads as an irregular column of cells from the base of the appendage 
backward along the dorso-lateral head- wall to the side of the brain (fig. no, 
PI. 9). From this mesoderm a mass of cells separates off below the base of the 
antenna, and becomes the rudiment of the dorso-latcral longitudinal muscle ; 
other cells spreading back along the roof of the head may be seen, in very 
advanced embryos, in process of conversion into the tergal muscles of the 
antenna. In newly formed pupae muscle fibres are already distinguishable. 

The sternal muscles of the antenna and of the mouth-appendages develop 
in intimate association with the hypopharyngeal apophyses. The latter, as 
already described in section 14 (vi), begin to develop during the ninth day as 
a pair of ectodermal ingrowths, immediately in front of the anterior margin of 
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the mandibles. They grow backwards into the cavity of the head, where, 
during the tenth day, they may be seen lying to the side of the mandibular 
ganglion. Their relation to the latter, and to the mesoderm of the antennary 
and gnathal segments, will be understood by reference to figs. 94 d and 115 a, 
b, PI. 9, fig. 1 15 being drawn from a 10-day embryo, and representing a frontal 
section through the head, while fig. 94 d is a ‘horizontal* section through a 
similar embryo, just above the bases of the mandibles. It will be seen that 
each apophysis lies just median to the main mass of the mandibular mesoderm, 
which is being drawn into the cavity of the head with the ingrowing mandi- 
bular apodeme. Mesoderm cells from the hinder margin of the base of the 
antenna lie in close proximity, a little dorso-laterally to the mandibular apo- 
deme, while from below mesoderm from the maxillary segment is growing 
upward. The relation of the latter to the apophysis is not clear from the 
section shown in fig. 115A, PI. 9, but if we examine the section immediately 
to the rear (fig. 115 b), it is at once evident that maxillary mesoderm is being 
drawn in with the ingrowing maxillary apodeme, just behind the mandibular 
apodeme, into the direction of the apophysis. 

The apophysis is thus in close proximity to the mesoderm of all three head- 
appendages. In sections through later embryos we find that a direct connexion 
between this mesoderm and the apophysis has been established (fig. 1 12, PI. 9). 
Out of this will form the sternal musculature of the appendages, their dif- 
ferentiation into muscle-fibres taking place in the advanced embryo and pupa. 
The development of the sternal muscles of the antennae is necessarily 
attended by a considerable change in their direction, as these appendages 
gradually move on to the anterior surface of the head. 

The tergal muscles of the mandibles arise from cells that pass from the 
hinder tips of the mandibular apodemes on to the head- wall, i.e. purely out 
of mandibular mesoderm. 1 have not been able to observe the origin of the 
tergal muscles of the maxilla. (It must be evident, from the manner of their 
formation, that the attachment of the tergal mandibular and antennary muscles 
on the wall of the head cannot provide a guide to defining their segments in 
the definitive head-capsule.) 

The development of the large oesophageal dilator muscles has already been 
described in section 14 (vi). 

(ii) Muscles of the abdomen. Except for the system of dorsal longitudinal 
muscles, Xhe abdominal musculature takes its origin wholly from cells that are 
released by disruption of the abdominal somites. 

The Anlage of the dorsal longitudinal musculature is distinguishable very 
early, for it never forms part of the mesodermal somites. It has already been 
referred to in section 7. In 7-day embryos, after the somites have begun to 
form, a pair of irregular bands of mesodermal cells may be seen along the 
lateral walls of the embryo, dorso-lateral in position to the row of somites (fig. 
64> PI- 5)* As far as I have been able to observe, all the segments from the 
maxillary to the fifth abdominal contribute to their development. In sections 
cut ‘horizontally* along the embryo, the cells in these bands appear irregularly 
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clumped, but they do not show any obvious sign of segmentation, such as the 
somites do (fig. 72, PI. 6). By the ninth day these cells have usually aggregated 
into four distinct masses (fig. 73, PI. 6), though sometimes even in older 
embryos an irregular alignment of cells still persists (fig. 94 b, PI. 8). The 
most anterior and least well-defined of these masses lies a little behind the 
antennary somite, and the hindermost in the fifth abdominal segment. They 
are evidently the Anlagen of the four dorsal longitudinal muscles of the larva. 
This clumping of the dorsal longitudinal mesoderm into four masses of cells 
may not be looked upon as an expression of primary segmentation, equivalent 
to that of the somites, for all the dorsal longitudinal muscles are not strictly 
segmental in location (cf. Text-fig. 22 c). In later embryos the muscle- Anlage 
moves into a still more dorsal position (figs. 106, 107, 109, PI. 9), and there 
undergo differentiation into muscle tissue. 

The disruption of the abdominal somites during the ninth day is attended 
by a re-grouping of cells, in which the Anlagen of certain of the abdominal 
muscles become, for the first time, apparent. Of these the most conspicuous 
are the ventral longitudinal muscles. They soon become recognizable in each 
segment as a pair of narrow bands of cells, lying alongside the nerve-cord 
(fig. 78, PL 7). They are present in all the abdominal segments except the 
anal. In the adult animal the most anterior of these muscles is attached to the 
hypopharyngeal apophysis (Text-fig. 22 c), and it would therefore seem that 
the gnathal segments of the head contribute some myoblasts to the ventral 
longitudinal musculature. In sections through later embryos these muscle- 
Anlagen are exceedingly prominent to the side of the nerve-cord, where they 
are now undergoing conversion into muscle tissue (figs. 106, 107, PI. 9). They 
have by this time acquired intersegmental attachments. In pupae they are 
seen in a more ventral position relative to the nerve-cord (fig. 108, PI. 9; also 
fig. 109, PL 9, from a larva). 

Spreading down from the base of each appendage, under the ventral longi- 
tudinal muscle, is another group of mesoderm cells, out of which the sternal 
musculature will develop (fig. 78, PL 7). In the advanced embryo these cells 
grow under the nerve -ganglia, after these have separated from the ventral 
epidermis ; their conversion into muscle-fibres begins in the late embryo, even 
before the pupa forms. 

The various dorso-ventral and oblique muscles of the abdomen all arise 
from cells which spread up from the bases of the legs over the lateral epider- 
mis. They may be seen in fig. 106, Pl. 9. Their conversion into muscle-fibres 
takes place in the advanced embryo (fig. 107, PL 9). 

The musculature of the legs develops out of the clumps of mesoderm that 
occupy the hollows of the limb-buds, becoming drawn out with the latter 
when, in the late embryo, these elongate to form the legs (fig. 106, PL 9). 
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DESCRIPTION OF PLATES 

Plate i 

Fig. i. Fragment of adult ovary, cut in ‘horizontal* section. The germarium lies between 
the two rows of oocytes that are enlarging along the sides of the ovary. Three of its cells (indi- 
cated by x ) are in prophase of meiosis; one (y) is in mitosis; others (2) are in resting phase. 
But within the germarium are also young oocytes, in an initial phase of enlargement, and with 
nuclei in the germinal vesicle condition, x 770. 

Fig. 2. Fragment of a sagittal section along ovary, in which some of the oocytes have begun 
to accumulate yolk. There are also three enlarging oocytes still without yolk, and in one of 
these a ‘yolk-nucleus’ is seen, x 390. 

Fig. 3. Polar view of the chromosomes, from an ovarian egg shortly before laying; first 
meiotic metaphase. The full set of 13 bivalent chromosomes (‘tetrads’) is shown. X 1,600. 

Fig. 4. Similar stage, showing spindle fibres. Only 6 of the 13 bivalents are present in the 
section, x 1,600. 

Fig. 5* From an almost newly laid egg. The chromosomes and their enveloping cytoplasm 
have moved to the periphery. Nine of the 1 3 bivalents, still showing ‘tetrad* formation, and 
still located in a single plane, are present in the section. X 1 ,600. 

Fig. 6. Anaphase of first meiotic division. X 1,600. 

Fig. 7. The same; polar view, x 1,600. 

Fig. 8. Fragment of a tangential section at the surface of the egg, showing first and second 
polar bodies; from an egg in which fusion of male and female pro-nuclei has already taken 
place. X 1 ,600. 

Fig. 9. Portion of a section through an egg, showing male and female pro-nuclei just prior 
to fusion, x 950. 

Fig. 10. Section through egg after fusion of pro-nuclei. A true resting nucleus has formed. 
X710. 

Fig. 11. Egg with 2 blastomeres. X 480. 

Fig. 12. Egg with 4 blastomeres. In this egg the cleavage grooves between the blastomeres 
are unusually deep. X 480. 

Fig. 13. Egg with 6 blastomeres. X480. 

Fig. 14. Egg with 8 blastomeres. X 480. 

Fig. 15. Egg with 16 nuclei, but in which only 1 1 blastomeres have so far become demar- 
cated. x 480. 

Fig. 16. Egg with 24 blastomeres (early blastula stage). X 480. 

Fig. 17. Egg with about 40-5 cells (late blastula). x 590. 

Fig. 18. Egg with about 80 blastomeres (early gastrula). x 590. 

Fig. 19. Egg with about 200 cells (late gastrula). x 700. 

Plate 2 

All drawings in this plate are from stained whole embryos. 

Fig. 20. Mature blastoderm. X 380. 

Fig. 21. Early phase in the differentiation of the germ-band out of the blastoderm; stage 
with ventral aggregation of nuclei and cytoplasm. X 380. 

Fig. 22. Early germ-band; lateral view. X380. 

Fig. 23. Oblique view of an embryo rather more advanced than that shown in the previous 
figure. The head-lobes have begun to form, and the stomodaeal opening has appeared. X 380. 

Fig. 24 A, B. Lateral (left) view and anterior view respectively of a 6-day embryo. The an- 
tennae are developing; the stomodaeum is now conspicuous. X 380. 

Fig. 25 A, B. Similar views of a 7-day embryo. The rudiments of another pair of appendages 
(mandibles) have formed. On the head-lobes the invaginated posterior lobes of the proto- 
cerebral ganglia have appeared, x 380. 

Fig. 26 A, B. Lateral (right) and anterior views of a more advanced 7-day embryo, in which 
the appendage rudiments as far back as the first legs have appeared, x 380. 

Fig. 27 A, B. Similar views of an embryo aged about 8 days, showing two well-developed leg- 
rudiments, and the third in course of formation. The embryo shows the initial stage in 
development of the pre-oral cavity, x 380. 
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Plate 3 

Fig. 28 A, b. Lateral (left) and anterior views, respectively, of a 9-day embryo. X about 420. 

Fig. 29 A, B. Lateral (right) and antero-Ventral views respectively of an embryo aged fully 
10 days. Fig. ax 430; Fig. bx 380. 

Fig. 30 a, B. a. Antero-ventral view of an embryo, shortly before hatching. 

B. View into the pre-oral cavity of the same embryo, to show the intumed mandibular 
stemite ; the optical section through the clypeus is represented as a cut edge by lines. 

a and b x 380. 

Fig. 31. Postero-dorsal view of the hinder end of an advanced embryo, at about the stage 
shown in Fig. 29. In this embryo the outlines of the anal segment have become defined. X 380, 

Fig. 32 A, b, c. a. Early pupa (pupal sheath removed). X370. 

b. Right antenna of same, dorsal view, x 800. 

c. Second leg. x6io. 

Fig. 33 a, b. Advanced pupa. In a is shown the anterior end, seen from the right side, 
X 600. In b is shown the right antenna in ventral view, x 800. 

Fig. 34* Hinder end of a newly emerged first instar larva; lateral view. This drawing, 
and Figs. 35, 36, 37, are from stained larvae. The investing chitin is shown in outline only. 
Of the setae, only the large setae of the fifth segment (second trichobothria) are indicated. 
X 470. 

Fig. 35. Hinder end of a more advanced first instar larva, in which the fourth and fifth legs 
are visible beneath the chitin. The new (seventh) segment is in process of forming; note the 
Anlage of its sensory seta (trichobothrium). X 500. 

fig. 36. Hinder end of a larva of about similar age, seen from above. X470. 

Fig. 37- Hinder end of an advanced first instar larva shortly before the moult. The fourth 
and fifth legs are now fully developed ; in the new (seventh) segment the new (third) tricho- 
bothrium has grown out beneath the chitin, but is not yet fully chitinized. The chitin of the 
second trichobothrium is being discarded, and a new second trichobothrium is replacing it. 
X 470. 


Plate 4 

Fig. 3^- Section through an egg in which the first two cleavage-nuclei have appeared, but in 
which the partition separating the blastomeres has not yet formed. Note the spindle-fibres 
between the daughter-nuclei. 

Fig. 39. ‘Horizontal’ section through the 4-cell egg shown in Fig. 12. 

Fig. 40. Section through 8-cell egg shown in Fig. 14. Note degenerating polar bodies. 

Fig. 41. Section through an egg containing 11 nuclei, of which 7 are in mitosis. Only 4 
nuclei are present in this section. Note degenerating polar body within one of the blastomeres. 

Fig. 42. Section through 24-cell egg shown in Fig. 16. 

Fig. 43- Section through the egg shown in Fig. 17, with 40-5 cells (late blastula stage). 

Fig. 44- Section through developing gastrula; about 75-cell stage. 

Fig. 45* Section through young gastrula; about 80-cell stage (cf. Fig. 18). 

Fig. 46. Section through an advanced gastrula at about the stage of development shown in 
Fig. 19. This gastrula shows precocious ‘dorsal organ’ formation. 

Fig. 47« Longitudinal section of a young blastoderm. 

Figs. 48, 49. Sagittal sections of two mature blastoderms, showing different conditions of 
development of the ‘dorsal organ’. The blastoderms also show the initial stages of migration 
of yolk-cells into the yolk. 

Plate 5 

Fig. 50. Small fragment of a section grazing the surface of a mature gastrula. The drawing 
represents a transverse section through the outer wall of a single ‘yolk-pyramid’, x 800. 

Fig. 51. Similar section, from a mature blastoderm, x 800. 

Fig. 52. Section through the egg shown in Fig. 21. The section is taken ‘horizontally’ 
through the region of thickening, a little below the equator of the egg. Separation of the meso- 
dermal cells from the anterior (to right) and posterior thickened walls is in progress; the in- 
tervening thick epithelium at the sides of the egg does not contribute to the formation of 
mesoderm. Although endoderm is present in the middle of the egg, neither of its two nuclei 
lies within the section, x 550. 
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Fig. 53. Sagittal section pf an egg at about the stage shown in Fig. 21. Mesoderm formation 
is here more advanced than in the egg shown in Fig. 52, for the mesoderm already constitutes 
a fairly well-defined layer internal to the ectoderm in the lower half of the egg. X 550. 

Fig. 54. Sagittal section through an egg with newly formed germ-band (cf. Fig. 22); 
anterior end to right. The mesoderm is now distinct. The stomodaeum has begun to form. 
Note the peculiar cytoplasmic inclusions in endoderm. x 550. 

Fig. 55- Section through a developing ‘dorsal organ’ from a late blastodenn. X 800. 

56. Portion of a transverse section through a 6-day embryo, showing ‘dorsal organ’. 
A depression is forming in its middle, and secretion has begun, x 800. 

Fig. 57* Similar section. The depression in the organ is now filled with secretion, x 800. 

Fig. 5^ A, B. Two sections of a 6-day embryo, from a ‘horizontally’ cut series. Section b 
passes through the equator of the egg, section a nearer the upper pole. In a the section 
passes (below) through the head-lobe, in which the protocerebral ganglionic thickenings are 
developing; and (above) through the developing proctodaeum. In b it passes (below) a little 
behind the stomodaeum and (above) through the region of the third abdominal segment, 
x 800. 

fig- 59* Portion of a section from a ‘horizontally’ cut series, from a rather later embryo than 
the foregoing. The section passes through the stomodaeum, and includes the antennary 
somite, which now lies in line with the stomodaeum. x 800. 

Fig. 60. Part of a section through the head of an 8-day embryo at level of antenna (cf. Fig. 
67 c, d). The antennary ‘ventral organ’ has begun to form. In the antennary somite a coelomic 
cavity is now present, x 800. 

Fig. 61. Part of a transverse section through a 7-day embryo, a little behind the stomo- 
daeum, to show the pre-mandibular mesoderm. X 800. 

Fig. 62. Fragment of a section from an early 8-day embryo, showing pre-mandibular 
somite beginning to elongate; the large mass of cells to the right is the inferior wall of the pre- 
oral cavity, x 800. 

Fig. 63. Transverse section through maxillary segment of a 7-day embryo, showing initial 
stage in formation of the somites. Between the developing somites the ‘median mesoderm’ is 
visible. X 800. 

Fig. 64. Transverse section of right half of a late 7-day embryo, taken through the maxillary 
segment. Note, in comparison with Fig. 63, that the maxillary somite has taken form, and is 
now widely separated from the ‘median mesoderm’. Note also the Anlage of the dorsal longi- 
tudinal muscle. In the ectoderm we see the first indication of ganglion formation, x 800. 

Fig. 65. Transverse section through the collum segment of a 7-day embryo, showing 
initial stage in formation of somites. Between the two developing somites is a little ‘median 
mesoderm’. Drawn from the same embryo as Fig. 63. x 800. 

Fig. 66. Similar section from an 8-day embryo, showing fully formed somite of the collum 
segment. Note the Anlage of the dorsal longitudinal muscle, quite distinct from the somite. 
Associated with the collum ganglion is a ‘ventral organ’. X 800. 


Plate 6 

Fig. 67 a-f. Drawings of six successive sections cut ‘horizontally’ through an 8-day embryo, 
to show the somites and developing ganglia of the head. The pre-oral cavity is developing, 
and it is not possible to delimit it sharply from the stomodaeal ingrowth. In Fig. b the complete 
section has been drawn, and shows (above) the abdomen transected through its fourth seg- 
ment; the other five sections show only the head of the embryo, x 870. 

In Fig. A the section passes just in front of the stomodaeum and developing pre-oral cavity, 
and shows the pre-antennary somites which have arisen from the pre-oral mesoderm; to the 
sides are the pre-antennary ganglia, and to the sides of these the lateral and frontal lobes of the 
protocerebrum, in which ‘ventral organ’ cell-disposition is apparent (a fragment of the posterior 
lobe of the protocerebrum also intrudes into the section). 

In B the section grazes the hinder wall of the pre-antennary somites and the anterior wall 
of the stomodaeum; note the antennary ganglion lying immediately behind the pre-antennary 
ganglion of the previous section ; note also the antenna, and the intrusion of part of its somite 
into the section. 

In c more of the stomodaeum and developing pre-oral cavity appears, and to its right a frag- 
ment of the pre-mandibular somite intrudes into the section ; the antennary ganglia are present, 
the left showing ‘ventral organ’ cell disposition; more of the antennary somite is present. 
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In D the section passes along the whole length of the stomodaeum and pre-oral cavity, the 
stomodaeum having extended to the central clump of endoderm; to the side of the pre-oral 
cavity are the elongating pre-mandibular somites, and, lateral to these, we now see the main 
bulk of the antennary somite. 

In E the elongating pre-mandibular somites are seen, bending round behind the pre-oral 
cavity; on both sides the mandibular somites have begun to intrude into the section, and on the 
right side is seen also the tip of the elongating maxillary somite. 

In f the main mass of each mandibular somite is now present in the section, and part also of 
the maxillary somite, which is in process of elongating into the maxillary gland. The hinder- 
most tip of the pre-mandibular somite intrudes into the section. The large mass of developing 
ganglion with its ‘ventral organ’ is the pre-mandibular ganglion. The small clump of ganglion 
tissue above it is probably mandibular ganglion, intruding from behind into the section (for 
orientation of the section see Fig. 80). 

Fig. 68. Section through the head of an embryo aged about 8 days, taken just in front of the 
stomodaeum (from a ‘horizontally’ cut series). The pre-oral mesoderm forms a thick clump 
of cells, but has not yet developed into pre-antennary somites. To the sides are the strong 
ectodermal thickenings, from which the pre-antennary ganglia and the lateral and frontal 
lobes of the protocerebrum will arise, but no ‘ventral organ’ cell disposition has yet appeared. 
The drawing should be compared with that shown in Fig. 67 A, which represents a comparable 
section from a rather more advanced embryo. X 870. 

Fig. 69. Fragment of a transverse section through the head of a late 8-day embryo, 
to show beginning of formation of the left mandibular apodeme, and initial phase in 
transformation of the mandibular somite. To the right a fragment of the developing pre- 
mandibular gland intrudes into the section, while to the left is seen a part of the maxillary 
gland. X 870. 

Fig. 70. Similar section to the foregoing, taken from a more advanced embryo, showing 
right mandible and its developing apodeme; the somite has now disrupted into a clump of 
myoblasts, from which the mandibular musculature will form. In this section the mandibular 
ganglion is present; note the remains of its ‘ventral organ’ forming the floor of the pre-oral 
cavity, x 870. 

Fig. 71. Similar section to that shown in Fig. 62, but from a later embryo in which the pre- 
mandibular somite is in process of conversion into the pre-mandibular gland. The thickened 
ectoderm to the left is the mandibular ganglion with ‘ventral organ’. X 870. 

Fig. 72. Portion of a section cut ‘horizontally’ through the right half of a late 7-day embryo, 
showing the Anlage of the dorsal longitudinal muscle. At the upper and lower ends of the 
section a portion of the fourth abdominal and antennary somites respectively may be seen. 
X870. 

Fig. 73. Similar section from left half of a 9-day embryo. The Anlagen of the four dorsal 
longitudinal muscles are now seen. X 870. 

Plate 7 

Fig. 74. Transverse section through second abdominal segment of a 7-day embryo, to show 
initial stage in formation of somites. The section is from the same embryo as are Figs. 63 and 

65- X950. 

Fig- 75- Similar section, from a rather older embryo, showing later stage in the formation of 
the somite. X 950. 

Fig. 76. Section through fourth abdominal segment of an embryo a little more advanced 
than that from which a corresponding section in Fig. 67 b has been drawn. The ganglion-rudi- 
ment has enlarged and ‘ventral organ* formation has begun. The somites occupy the cavities 
of the limb bases. In one somite a coelomic cavity is present; the other does not even display 
a visceral wall, x 950. 

Fig. 77. Portion of a longitudinal section along a 9-day embryo, showing beginning of 
transformation of the somites of the second and third abdominal segments. The somites, still 
showing a trace of coelomic cavity, are enlarging at their lower ends, and extending into the 
appendages, of which the bases are present in the section. X 950. 

Fig. 78. Section through second abdominal segment of a 9-day embryo. The legs are not 
present in the section. The somites have disrupted each into a large clump of myoblasts, within 
which the future ventral longitudinal muscle can already be distinguished. The ganglion is 
now much enlarged, and four of the ganglion-cells are in mitosis. The ‘ventral organs’ are at 
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the height of their development, and also show mitosis. Neuropilem has begun to form in the 
ganglion. Note the inclusion of ‘median mesoderm’ in the ganglion, x 950. 

Fig. 79. Portion of a section of a 7-day embryo, cut approximately, but not accurately, in 
the sagittal plane (the embryo is at about the same stage of development as that shown in 
Text-fig. 5). The section grazes along the lateral wall of the stomodaeum, and shows in suc- 
cession the pre-mandibular, mandibular, maxillary, collum, and second abdominal somites. 
X950. 

Fig. 80. Similar section; anterior end to left. The section is from an 8-day embryo. Note 
that the maxillary somite has begun to elongate to form the salivary gland. The full length of 
the stomodaeum, which in this embryo has reached the central endoderm, is shown (from an 
adjacent section) by dotted lines, x 950. 

Fig. 81. Similar section of a rather later embryo, anterior end to right. Stomodaeum not 
present in section. The section shows a more complete set of abdominal somites than does 
Fig. 80. They are now fully developed, and show each a minute coelomic cavity. Such a cavity 
is present also in the mandibular somite, but not in that of the collum segment. From the 
lower end of the maxillary gland a large clump of cells, the future maxillary myoblasts, is in 
process of separating away. X 950. 

Fig. 82. Hinder end of a longitudinal section of a 9-day embryo, showing somites of the 
anal segment and fifth and fourth abdominal segments, x 950. 

Fig. 83. Transverse section through an 8-day embryo, taken a little in front of the 
proctodaeal opening, the proctodaeum being therefore itself included in the section. In 
the large accumulation of pre-anal mesoderm no differentiation into somites has yet begun 
X95°. 

Fig. 84. Similar section, from a late 8-day embryo, showing initial phase in development 
of fifth abdominal somites. The single primordial germ-cell has now appeared. X 950. 

Fig. 85. Similar section, from a 9-day embryo. On the left side a fully formed fifth ab- 
dominal somite is now present. X 950. 

Fig. 86. Similar section, from an advanced embryo, showing disruption of fifth abdominal 
somite. The third pair of legs intrude, from in front, into the section. The ‘ventral organs’ of 
the fifth abdominal ganglion have appeared, x 950. 

Fig. 87. Section through hinder end of a pupa, showing rudiment of the teloblastic meso- 
derm, from which the mesoderm of the new larval segments will develop. X 950. 

Fig. 88. Section similar to that shown in Fig. 64, from an 8-day embryo. The maxillary 
somite is in process of conversion into the salivary gland. X 950. 

Fig. 89. Portion of a section through the collum segment of a 10-day embryo. The mid- 
gut is in process of formation ; on its roof the endodermal cells, with mesodermal investment, 
are beginning to form a regular epithelium, but its incomplete floor is still composed of large,’ 
irregular, and very reticulate ‘yolk-cells’. The remainder of the ‘yolk-cells’ constitute the 
developing fat-body. The hinder end of the protocerebral ganglion intrudes into the section. 
The collum ganglion is still associated with its ‘ventral organ’. Neuropilem is appearing; 
note the development of commissural fibres above the ‘median mesoderm’. Part of the maxil- 
lary gland, including its hinder tip, intrudes into the section; note the developing ‘end-sac’. 
The clump of myoblasts that has arisen by disruption of the collum somite is seen to the right 
of the ganglion. The two small epidermal cell-aggregations to the sides of the ‘ventral organ’ 
are tendon cells for attachment of some dorso-ventral muscles, x 950. 

Fig. 90. Section through roof of pre-oral cavity, showing, on left, the earliest detected stage 
in formation of the clypeal gland. On the right side the gland has not yet begun to form. 

X 950. 

Fig. 91. Portion of a section which grazes along the floor of the clypeus; 10-day embryo. 
The section actually cuts, below, a little into the pre-oral cavity. Note the developing clypeal 
glands, growing backward toward the frontal ganglion, x 950. 


Plate 8 

Fig. 92. Left half of a ‘horizontal’ section taken at level of pre-oral cavity, from a 9-day 
embryo. Note that the ‘ventral organs’ of the developing pre-mandibular segment have moved 
up to the pre-oral cavity, and are now forming its lateral walls. A fragment of the enlarging 
pre-mandibular somite intrudes into the section, x 950. 

Fig. 93. Part of a section through head of an 8 -day embryo (from a ‘horizontally’ cut 
series). The section passes immediately in front of the developing pre-oral cavity, and is to be 
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compared with that shown in Fig. 67 A, which is from a slightly earlier embryo. The smdl 
‘ventral organ’ of the pre-antennary ganglion is now at its maximum deveopment. A ventral 
organ’ cell disposition also involves the whole free surface of the lateral and frontal proto- 

Drawing of five approximately ‘horizontal’ sections through the head of a 10- 
dav embryo. In Fig. B the entire section through the embryo has been drawn, to show (above) 
the transected abdomen. The series represents an incomplete succession of sections, two 
having been omitted between B and c, and one between D and E. The series should be com- 

^I^ATre sefnrtie posterior lobes of the protocerebral ganglion^ which have grown down 
from the roof of the head, and have almost met in the mid-line. To the side of these are the 
lateral lobes of the protocerebrum, of which that on the right side shows ventral organ cell 
disposition. Anterior to these are the frontal lobes, which have fused in the mid-line; the left 
shows a ‘ventral organ’. On the right side is seen the pre-antennary ganglion. Neuropilem 
is forming betw een the three component lobes of the protocerebrum. 

B This section lies immediately below the former. It is a little dorsal to the oesophagus, 
grazing, at one place, along a fragment of its roof. The lowest part of the posterior proto- 
cerebral lobe is present in the section. The deutocerebrum, with neuropilem, is forming, by 
fusion of the antennary ganglia above the oesophagus. The deutocerebrum therefore lies just 
below the pre-antennary ganglia, of which a fragment still intrudes from aboie mto thc 
section (right side). The upper half of the section shows the transected abdomen, at the level 

of the single primordial germ-cell. Note developing trichobothrmm 

c This section passes along the floor of the pre-oral cavity, the latter being transected at 
one point The section includes the developing tritocerebrum ; note its inferior commissure 
passing below the oesophagus; note also its ‘ventral organs’ which are becoming withdrawn 

from the postero-lateral wall of the pre-oral cavity. ... . 

d. This section lies immediately below c, and id taken at the level of the mandibular seg- 
ment. Note the mandibular ganglion, with its ‘ventral organs forming the floor of the pre- 
oral cavity. On the right side is seen the developing right hypopharyngeal apophysis, curving 
back round the ganglion. On both sides may be seen the deep ingrowths of the bases of the 
mandibles (mandibular apodemes) into the head. . . 

E This section lies a little distance below D (it should be compared with Fig. 98, which is 
from a rather earlier embryo). The section passes ‘ horizontally ’along the floor of the maxiary 
segment, and shows the Anlage of the intermaxillary gland, now separated from the maxillary 
ganglion. The maxillary ‘ventral organ’ forms the tip of the mtetmaxillao’ plate. 

Fig. 95. Section through the collum ganglion of a 10-day embryo, showing its ventral 

° r ?J S g6 X Equivalent section, from a more advanced embryo; a portion of the ‘ventral organ’ 
has remained within the sternal epidermis, but the cell-orientation has been lost. From this 
will develop the ‘exsertile vesicle’. Although from a later embryo than the foregoing, the 

neurilemma has not yet appeared. X 950. . . . 

Fig 97. Similar section, from a pupa, showing developing exsertile vesicle. X 950. 

Fig’ 08. Section through floor of maxillary segment of a 10-day embryo, to show Anlagen of 
intermaxillary glands, and beginning of separation of the latter from the maxillary ganglion. 
Two differentiating neurilemmal cells are seen above the neuropilem. X 95°; 

Fig 99 Part of a flection of an advanced embryo, from a sagittal senes, the section 
being taken just to the side of the oesophagus. It shows the tritocerebral (pre-mand.bular) 
ganglion, which lies to the side of the oesophagus, also the mandibular, maxillary and 
collum ganglia. Note the developing intermaxillary gland lying below the maxillary ganglion. 

X Fig.' ioo. Fragment of a section through lateral head-wall of an advanced embryo, showing 
development of pseudocular gland (for orientation of section see Fig. 1 1 5 A ). x 950. 

Fig P ioi . Drawing of an oblique section through the head of a 10-day embryo. The section 
is so directed that it passes, on the right side, through the frontal lobe of the 
and on the left through the frontal and lateral lobes. The sagittal plane of the embryo, defined 
by the oesophagus and the septum (s) of epidermal cells, is therefore displaced to the nghtin 
the section. The obliquity of the section at once brings out the relation of the pre-antennary 
ganglion to the frontal lobe of the protocerebrum (right side), and to the antennary ganglion 
and neuropilem of the brain (left side). The relevant sections for comparison are Figs. 93 . 

94 A. X950. 
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Plate 9 

Fig. 102. Frontal section through tip of head of a very advanced embryo, to show develop- 
ing intermaxillary glands. On the roof of the head the section passes (on left) through rear of 
base of antenna, and shows the developing basal antennary sense organ. Included in the section 
are the frontal (visceral) ganglion, and part of the clypeal glands. X 780. 

Fig. 103. Approximately sagittal section of a 9-day embryo, rather less developed than that 
shown in Text-fig. 8. The embryo shows the mid-gut in course of acquiring its mesodermal 
investment, the mesoderm spreading backward over it from the fore-gut. Four endoderm cells 
are shown in the section, and there is present also a large degenerate yolk-laden cell within the 
lumen of the developing mid-gut. The pre-antennary somite has disrupted into a clump of 
cells occupying the cavity of the clypeus. Behind the fourth abdominal segment the mesoderm 
has not yet differentiated into somites. The unsegmented median mesoderm is exceptionally 
clearly seen. The developing ganglia are massive and have begun to merge into a continuous 
chain. The pre-mandibular ganglion lies mostly to the side of the pre-oral cavity, and is there- 
fore not seen; the mandibular ganglion has been drawn up near the hinder margin of the pre- 
oral cavity. Three ‘ventral organs’ are present in the section. The ‘dorsal organ’ is at the height 
of its development, and its secretion spreads outwards for a short distance under the blasto- 
dermic cuticle. X 780. 

Fig. 104 a, b. Photographs of two parasagittal sections of a 9-10-day embryo. The photo- 
graph has been taken to show, as objectively as possible, the appearance of the ‘ventral organs’. 
The ‘ventral organs’ seen in Fig. a are those of the collum and second and third abdominal 
segments. Fig. b, from the adjacent section, shows the maxillary ‘ventral organ’, and grazes 
also through the side of the mandibular ‘ventral organ’. Other structures seen in the photo- 
graph are the ‘median mesoderm’, with aligned cells, a transected Malpighian tube, and a 
fragment of the fifth abdominal somite. Note also mid-gut lumen. X 600. 

Photographs by Professor E. J. Hartung. 

Fig. 105. Portion of a parasagittal section along floor of germ-band of an 8-day embryo, 
showing early stage in development of the ganglia. The section should be compared with the 
rather more advanced one shown in Fig. 103. The ganglion-rudiments are not yet continuous; 
they comprise, from left to right, the ganglia of the maxillary, collum, and first two leg-bearing 
segments. The ‘ventral organs’ of the first two only are present in the section, x 780. 

Fig. 106. Part of an approximately transverse section through a 10-day embryo; the section 
passes (below) through the base of the second leg, and (above'* through the tergal wall of the 
fifth abdominal segment, whose developing trichobothrium may be seen. The anterior tip of 
the hind-gut is also transected, and one of the Malpighian tubes is seen in process of growing 
out from it. Note the ‘ventral organs’ in process of incorporation into the ganglia. In the 
adjacent mesoderm the Anlage of the ventral longitudinal muscle is distinguishable; note also 
masses of myoblasts within the leg, while others are spreading up the lateral body-wall. X 780. 

Fig. 107. Approximately transverse section through third abdominal segment of an ad- 
vanced embryo. Fragments of the second pair of legs are present in the section. The dorsal 
body-wall has formed. There is now a well-developed mid-gut, showing marked contrast 
between the irregularly reticulate cells on its floor and the more compact epithelium on its roof. 
In the latter concretions have appeared. The ‘yolk-cells’ are now recognizable as developing 
fat-body. The nerve-cord has completely separated from the epidermis, and the ‘ventral 
organ’ cell disposition has disappeared. The developing ventral longitudinal muscles are now' 
very conspicuous. On the right side is seen a developing coxal apodeme. On the left is seen, 
in course of development, one of the large muscles of the base of the leg. X 780. 

Fig. 108. Similar section to foregoing, from a pupa. There is no further advance in develop- 
ment of the mid-gut. The fat-body has undergone a further depletion of its yolk. It has 
begun to shrink from the neighbourhood of the nerve-cord, thereby revealing the epineural 
and lateral neural blood-spaces. The ventral longitudinal muscles have moved into their 
definitive positions to the side of the nerve-cord, x 780. 

Fig. 109. Similar section, from a very young first instar larv a. The development of the mid- 
gut wall is now complete, and it is wholly enclosed by mesoderm. A ‘striated border’ has 
formed in the mid-gut epithelium, but is absent on the floor-cells. The fat-body is completely 
denuded of its yolk, and reserve products have not yet begun to accumulate, the blood-spaces 
being therefore wide, x 780. 

Fig. no. Frontal section through head of a 9-day embryo. The section passes along the 
length of the antenna, ‘horizontally’ through the floor of the mandibular segment, and grazes 
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the maxillary segment below. The antenna is occupied by a clump of cells, derived from the 
disrupting antennary somite ; some of its cells are extending back, under the roof of the head, 
to form the tergal muscle of the antenna. Median to the antenna is the antennary ganglion 
(developing deutocerebrum), and below it a fragment of pre-mandibular ganglion (developing 
tritocerebrum). The ectoderm along the lateral margins of the mandible and maxilla is grow- 
ing into the head to form their respective apodemes, which are drawing in some of the meso- 
derm with them, x 780. 

Fig. hi. Frontal section through right half of head of an embryo aged about 10 days. The 
plane of section is so directed that the pre-mandibular gland is included for its entire length 
in the section. Below it lies the mandible, now deeply ingrown into the cavity of the head, and 
displaying at its inner end the developing lateral mandibular ligament. Below the mandible 
the section grazes the surface of the maxilla. In the epidermis some unusually large cells are 
to be seen; those above the brain are setigerous cells, those to the right of the brain are the 
enlarging cells of the pseudocular gland. In the brain we can distinguish the two diminutive 
pre-antennary ganglia, between which the septum of ectodermal cells is growing down from 
above. To the side of the pre-antennary ganglion, the great mass of ganglionic tissue is the 
protocerebrum, of which the frontal and lateral lobes are distinguishable. Below the pre- 
antennary ganglion is seen a portion of the developing deutocerebrum, the antennary ganglia 
having begun to fuse above the oesophagus. A portion of the deutocerebrum also intervenes 
between the protocerebrum and the pre-mandibular ganglion (developing tritocerebrum), 
which may be seen to the side of the oesophagus. X 780. 

Fig. 1 12. Portion of a frontal section through an advanced embryo, showing the cells of the 
hvpopharyngeal apophysis becoming connected with the overlying antennary and the under- 
lying mandibular mesoderm. For an earlier stage of development, see Fig. 1 1 5 A. 

Fig. 1 13. ‘Horizontal’ section along hind-gut of an advanced embryo, showing incipient 
differentiation of colon and rectum. Note the incorporation of some hind-gut cells into the 
wall of the mid-gut. The Malpighian tubes are beginning to develop. X 780. 

Fig. 114. ‘Horizontal’ section of mid-gut of a young pupa; the ends of the oesophagus and 
hind-gut are included in the section, and, on the right side, a Malpighian tube (base of other 
Malpighian tube on left). Differentiation of the Malpighian tube into its three regions has 
already begun. Note excretory concretions in mid-gut cells. X 780. 

Fig. 1 15 a, B. A is a drawing of a frontal section through the anterior end of a 10-day 
embryo. The section passes (above) through the protocerebrum, grazes along the hinder 
surface of the deutocerebrum and tritocerebrum, and transects (below) the ‘ventral organs’ of 
the maxillary segment. The ganglion above the ‘ventral organ’ is not purely maxillary gan- 
glion : it is the sub-oesophageal ganglion, of which the lower part in contact with the ‘ventral 
organs’ is of maxillary, the upper of mandibular, origin. The mandibular ventral organs, of 
course, lie anterior to the plane of section (for orientation of section refer to Text-fig. 8). To 
the sides of the sub-oesophageal ganglion, are seen the transected inner ends of the mandibular 
apodemes, from which a few cells are beginning to grow medially across the mandibular gan- 
glion ; they give the first indication of the oesophageal (visceral) ganglia. The small clump of 
cells between the mandibular apodeme and the fragment of tritocerebrum is the hindermost 
tip of the hypopharyngeal apophysis. A little antennary mesoderm intrudes from in front 
into the section, a fragment of the antenna being also present. In the lowest part of the section 
is seen a little maxillary mesoderm. To the side of the protocerebrum the development of the 
pseudocular gland is in progress. 

b is a fragment of the immediately succeeding section of the same embryo. The section 
shows the maxillary apodeme and the mesoderm of the segment, growing up the side of the 
ganglion, towards the hypopharyngeal apophysis, whose hinder end is seen in the preceding 
section, x 780. 

The following abbreviations are used in the lettering of the Plates : 

a antenna; a.o anal opening; ap.cx coxal apodeme; a. pi anal plate; ap.mti mandibular apo- 
deme; ap.mx maxillary apodeme; b.a.s.o basal antennal sense organ; b.c blastodermic cuticle; 

b. d.m buccal dilator muscle ; br brain ; c colon ; cl.f clypeal fold ; c.pr protocerebral commissure ; 

c. tr.i inferior tritocerebral commissure; dev.sm developing somite; d.l.m dorsal longitudinal 
muscle; d.l.m.a Anlage of dorsal longitudinal muscle; d.mx exit duct of maxillary gland; d.o 
‘dorsal organ*; d.ptn exit duct of pre-mandibular gland; dt deutocerebrum; d.y.c degenerating 
yolk-cells; e endoderm; e.d developing exit duct of reproductive organs; e.d.a anterior part of 
ejaculatory duct; e.d.deg degenerating exit duct of female reproductive system; e.d.g glandular 
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part of ejaculatory duct; ep epidermal cells; ep.s epineural sinus; e.s ‘end sac’ of salivary 
gland ; ex.v exsertile vesicle ( ?) ; f.b fat-body ; f.b.s developing secondary fat-body ; f.c follicle 
cell yf.p.n female pro-nucleus; g.a antennary ganglion; g.ab Zy 3 , &c. ganglia of second, third, 
&c. abdominal segments ; g.c ganglion of collum segment ; g.f frontal (visceral) ganglion ; gl 
globulus; gl.cl clypeal gland; gl.i.mx intermaxillary gland; gl.mx maxillary (salivary) gland; 
gl.ptn pre-mandibular gland; gl.ps pseudocular gland; gm germarium; gm.c germ-cells; g.mti 
mandibular ganglion; g.mx maxillary ganglion; gn.a genital atrium; gn.t genital tube (as dis- 
tinct from its content of germ-cells); gn.t.a Anlage of genital tube; g.oes oesophageal ganglion 
(?); g.oes.a its Anlage; g.pm pre-mandibular ganglion; g.pr.a pre-antennary ganglion; g.sb.oes 
sub-oesophageal ganglion; g.tel teloblastic ganglion; h.a hypopharyngeal apophysis; h.a.a 
ascending arm of latter; h.g hind-gut; h.l head-lobe; i.mx.pl intermaxillary plate; l ly 2 , &c. first, 
second, &c. legs; l 6 a Anlage of fifth leg; l.rn.h levator muscle of head; l.n.s lateral neural 
sinus; mes mesoderm; mes.mn mandibular mesoderm; mes.mx maxillary mesoderm; mes.s.a 
sternal mesoderm of antenna; m.g mid-gut; m.g.mes mid-gut mesoderm; m.g.p proctodaeal 
component of mid-gut; m.mes ‘median mesoderm’; mn mandible; mn.l.l lateral ‘ligament’ of 
mandible; mn.l.m median ligament of mandible; mn.st mandibular stemite; m.p.n male pro- 
nucleus; m.t Malpighian tube; m.terg.a tergal muscle of antenna (Anlage of); mx maxilla; 
my.ab 2t s , &c. myoblasts of second, third, &c., abdominal segments; my.c myoblasts of collum 
segment; my.mx myoblasts of maxillary segment; n neuropilem; ng neuroglia cells; nl neuri- 
lemma; o stomodaeal opening; oc oocyte; od oviduct; oes oesophagus; oes.d.m oesophageal 
dilator muscle; og oogonia; o.s occipital suture; ov ovary; o.w ovarian wall; p penis; p.b polar 
body; pr proctodaeum; pr.f frontal lobe of protocerebrum; pr.g.c primordial germ-cell; pr.l 
lateral lobe of protocerebrum; pr.mes proctodaeal mesoderm; pr.o.c pre-oral cavity; pr.o.mes 
pre-oral mesoderm ; pr.p posterior lobe of protocerebral ganglion ; prt protocerebrum ; p.s pupal 
sheath; r rectum; r.s receptaculum seminis; r.s.a Anlage of latter; r.v rectal valve; s septum of 
epidermal cell* growing down between pre-antennary ganglia; s.a anal segment; s.ab 2y 3 , &c. 
second, third, &c., abdominal segments; s.c collum segment; sttt.a antennary somite; sm.ab 2y 3 , 
&c. second, third, &c., abdominal somites; sm.ati anal somite; sm.c somite of collum segment; 
sm.mn mandibular somite ; sm.tnx maxillary somite ; sm.pm pre-mandibular somite ; sm.pr.a pre- 
antennary somite; s.pm pre-mandibular segment; r.r 2 , 3 second, third sensor, setae (tricho- 
bothria) ; s.s.a Anlage of sensory seta (trichobothrium) ; the particular seta may be identified by a 
numeral, e.g. s.s. 2 a, &c.; st stomodaeum; st.c setigerous cell; st.m musculature of stomodaeum; 
st. mes stomodaeal mesoderm; sus suspensorium of hypopharyngeal apophysis; t testis; tel.mes 
teloblastic mesoderm; tn ‘tendon’ cells, for attachment of muscles ; tr tritocerebrum ; undif.mes 
undifferentiated mesoderm; v.d vas deferens; vA.m ventral longitudinal muscle (segmental 
allocation of this muscle sometimes indicated by numerals); vA.m.a its Anlage (segmental 
allocation sometimes indicated by numeral); v.o.a, v.o.ab 2 , 3 , &c., v.o.c , v.o.mn, v.o.m.x , v.o.pm 
‘ventral organs’ of antennary, second and third, &c., abdominal, collum, mandibular, maxillary, 
and pre-mandibular segments respectively; r.o.tel ‘ventral organ’ associated with teloblastic 
ganglion; v.s vesicula seminalis; v .s.a its Anlage; x,y for various uses of these letters see 
legend to figures in which they appear; y.c yolk-cells; y.n yolk nucleus; z as for x. 
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With i Text-figure 

ALTHOUGH various investigations have contributed to the development 
of phase-contrast microscopy from the time of Abbe, the production of 
a completed microscope available for use in biological and allied fields has 
been a comparatively recent achievement (Kohler and Loos, 1941). A good 
review of this promising advance is given by Bennett (1946). 

The neurones of Helix aspersa have been chosen for the present study as 
these cells are large and easily isolated in a fresh state, as well as for their 
having already been the subject of a number of cytological investigations 
(Kolatchev, 1916; Brambell, 1923 ; Brambell and Gatenby, 1923; Boyle, 1937). 
The following observations are limited to a description of the appearance of 
the neurofibrils in these cells together with a description of some very small 
particles shown to be present in their protoplasm, distinct from and of a much 
smaller order than the mitochondria. A further communication is on hand 
concerning some observations on the other inclusions and organoids of these 
cells. 

Technique 

The large motor neurones of the post-cerebrum of Helix were dissected, 
with the aid of a Greenough microscope, in a few drops of 0-7 per cent, sodium 
chloride containing 0-2 per cent, of 10 per cent, anhydrous calcium chloride. 
The fluffy nerve-cell mass can be detached from the firm connective tissue 
capsule of the cerebral ganglion and subsequently teased and flattened in a 
drop of the indifferent solution between cover-glass and slide. In this way it 
is possible to display a single-cell layer of the large neurones arranged in a 
fan-shaped manner, their unipolar cell bodies and stout axons resembling a 
group of captive toy balloons. The degree of flattening of the cells due to the 
cover-glass pressure makes possible high-power observations on their cyto- 
plasm with the phase-contrast microscope. Similar preparations examined in 
hanging drops were found to be suitable only for low- and medium-power 
observation, as the full benefit of phase-contrast illumination can apparently 
only be obtained in preparations consisting of a single layer of cells. 

The microscope used was kindly lent me by Dr. W. Loos and was supplied 
with an annular illuminant', pankratic condenser, and an annular diffraction 
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plate of the A+ type of Bennett (1946) incorporated within the optical system 
of an achromatic 1*25 n.a. homogeneous immersion lens. This was used in 
conjunction with a 10 X compensating ocular. 

Observations 

(a) The Neurofibrils 

The large unipolar neurones exhibit a groundwork of very fine filaments 
which are arranged in rows parallel to the axon. Each filament is delicately 
beaded in structure and resembles a very long chain of minute cocci. As the 
axon hillock is reached the rows of fibrils fan out and form a continuous 



Text-fig. i. Schematic drawing of the arrangement of the neurofibrils in a large neurone of 
Helix as seen in optical section with the phase-contrast microscope. 

filamentous sheath enveloping the nucleus, the individual fibrils passing in 
an uninterrupted fashion around the nucleus and back into the axon. No 
evidence of lateral anastomoses of these filaments either within the axon or in 
the cell body was observed. 

With ordinary transmitted illumination they cannot with certainty be 
recognized; but if a quick transition from transmitted to phase-contrast 
illumination be made on the same field, the impression of a very faint striation 
at once gives place to the well-defined picture described above. This experi- 
ment is itself a very striking one and shows to full advantage the superiority 
of the new method of illumination for the study of these structures. 

As a ‘control’ to these observations in vivo , preparations were made with 
the classical reduced silver technique of Cajal as modified by Nonidez (1939) 
and the presence of neurofibrils in Helix neurones was established by this 
method. In this way their size and general distribution within the cell con : 
forms to the appearances seen with the phase-contrast microscope, but the 
beaded appearance of the fresh neurofibrils was not reproduced in the fixed 
and silvered tissue. Moreover, their regular and orderly arrangement in the 
fresh cell was severely distorted by the fixation and silvering process. This 
was especially noticeable about the nucleus, where the neurofibrils appear to 
form a coarse network of anastomosing threads. 
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(b) The Microneurosomes 

When preparations of the teased cells compressed between cover-glass and 
slide are watched for a few minutes, spherical blebs of cytoplasm are seen to 
exude from the cell membrane of the neurones and finally to detach themselves 
and float away in the surrounding medium. These droplets usually appear as 
clear homogeneous filtrates of the cell cytoplasm when ordinary transmitted 
illumination is employed in their examination. Occasionally a few cell 
granules such as mitochondria may escape into the droplet from the parent cell. 

If the phase- contrast microscope is turned to their examination the im- 
pression of this clear homogeneity is immediately lost and they are found to 
be teeming with an immense number of very small particles moving rapidly 
with an intense Brownian motion. The individual particles can be distinctly 
resolved by the eye but it is impossible to see their exact shape and it is 
impossible to measure them by any of the means ordinarily at the disposal of 
the microscopist. 

After a few minutes of very active movement the tiny particles slowly com- 
mence to agglutinate and finally the whole droplet becomes a motionless pale- 
grey mass of cytoplasm. It was found that 10 per cent, formol or 70 per cent, 
alcohol run under the cover-glass by diffusion produced an instantaneous 
fixation and agglutination of the particles. Furthermore they are conveniently 
made to adhere either to the slide or cover-glass and the preparation can then 
be stained and mounted in balsam. Toluidine blue and methylene blue were 
both used as staining agents and strongly stain the agglutinate. 

Attempts were made to stain these particles with vital dyes, and neutral red 
1 : 10,000 in saline was found to give the best results. In this way the tiny 
particles are quickly tinged a brick-red colour and although their small size 
precludes accurate description as to shape, the individual particles are dis- 
tinctly coloured. Similarly the agglutinated mass retains the red colour. When 
stained vitally the particles are visible with transmitted light provided a well- 
corrected immersion lens be used with a wide cone and 3 mm. diaphragmed 
source of light. These particles are not to be confused with the vacuome of 
Parat, which in these cells consists of much larger red-staining spheres. , 

It must be stressed that these particles are only seen to perfection once they 
have been expressed from the cell. With careful searching similar particles 
can be seen to occur within the intact cell, especially over the nucleus where 
the cytoplasmic layer is naturally reduced in thickness. Boyle (1938) states 
that he never witnessed Brownian movement within Helix neurones, using 
this argument to support his contention that the cytoplasm of the cell in life 
is of semi-solid consistency. I am not in agreement with this finding. 

Discussion 

The status of the neurofibrils as structural components of the living nerve- 
cell has long been a bone of contention among neurologists. Since their first 
reported discovery by Remak (1843) in the freshly teased nerve-cells of the 
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crayfish, all manner of opinion has been expressed from time to time concern- 
ing the reality of what Gajal has called the ‘enigmatic warp* (Marinesco, 191 1 ; 
Mott, 1912; Bozler, 1927; de Renyi, 1932). Claims for their existence in the 
neurones of a wide variety of both vertebrates and invertebrates have always 
been answered by counterclaimants who attribute their appearances as arti- 
facts produced by the manipulative procedures of technique. 

By virtue of its construction the phase-contrast microscope allows us to 
visualize very slight variations of optical density within what would appear 
as an optically homogeneous medium. Attention is drawn in this paper to the 
fact that structures apparently identical with the classical neurofibrils can be 
beautifully shown up by applying this principle of microscopy to teased cells 
lying in indifferent media. The only element of manipulative procedure in- 
flicted upon the cells is the pressure of the cover-glass found necessary to 
flatten them adequately for high-power observation. 

The very small particles appear to be structures peculiar to neurones. A 
large number of other tissues from the snail as well as from vertebrates have 
been examined with a similar technique, so far with negative results. In size 
and general conformity the particles appear to be of the order of phage-particles 
recently seen with the phase-contrast microscope (Hofer and Richards, 1945). 

Although the possibilities of phase-contrast microscopy do not appear to 
have been fully developed, the instrument in its present form does not 
effectively increase resolution as such, nor does it allow us to visualize colloid 
particles in the manner of the ultramicroscope. 

1 am quite certain that the particles I have described do not correspond to 
those already observed in vertebrate neurones by Mott (1912) in his studies 
with the paraboloid dark field condenser and the ujtramicroscope. Mott 
describes his particles as being less than one micron in size and sometimes 
spherical and sometimes oval in shape. He considered that they consisted of 
a colloidal fluid surrounded by a membrane possibly consisting of lipoids. 
Particles answering this description do occur in my material and are quite 
distinct from the much smaller neutral red-staining granules. As these 
granules can hardly be classed' with the submicroscopic particles of Claude 
(1943) and further in size and staining reactions can be differentiated from the 
granular mitochondria of the neurone (the neurosomes of Held), I propose the 
name ‘microneurosomes , for their description. 

In conclusion I wish to thank Dr. J. R. Baker for his help and encourage- 
ment throughout this study. 

Summary 

1. Phase-contrast microscopy reveals the presence of neurofibrils within 
the freshly teased neurones of Helix aspersa . 

2 Each fibril resembles a row of minute cocci. Individual fibrils appear to 
pass from the axon 1 to the cell body, loop round the nucleus, and retaining their 
identity pass back into the axon. No evidence of lateral anastamoses nor net- 
work formation of the fibrils could be found. 



Thomas — Neurones of Helix aspersa 273 

3. Small granules, staining vitally with neutral red and designated ‘micro - 
neurosomes’, have been found in the cytoplasm of the neuron. They are 
distinct from and smaller than the mitochondria. 
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Observations on Post-embryonic Development 

T HE following, is not intended as an exhaustive description of the whole 
larval development, but is restricted to those aspects of it to which 
special significance attaches. 

1. External Characters of Larvae 

(a) First Instar Larva . A description of this has already been given 
(section 6, iv). 

(&) Second Instar Larva (Text-fig. 23 a). Length about 0-4 mm. 

On the antenna three basal segments are now present, the new segment 
having been generated from thickened epidermis at the base of the antenna, 
and not at the tip. In each flagellum the number of rings has increased. 

[Q.J.M.S., Vol. 88, Third Sories, No. 3] 
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In the abdomen only one additional segment is present, i.e. eight in all.' 
As will be seen in section 2, the new segment is the seventh abdominal, 
which has become interpolated between the sixth and anal segments of the 
previous instar, whose fifth and sixth segments have enlarged and acquired 
each a pair of legs. The sixth segment, like the fourth, is wedge-shaped with 
reduced tergal wall, the third tergal shield being the product of the fifth 




segment alone. The new (seventh) segment is large and has a tergal shield 
bearing a pair of trichobothria. 

The two newly formed legs are five-segmented, their tarsi being undivided. 
In the second and third legs, on the other hand, the hitherto unsegmented 
tarsi have divided into two segments. The first leg remains permanently 
with unsegmented tarsus. The legs progressively increase in length towards 
the hinder end of the abdomen. 

(c) Third Instar Larva (Text-fig. 23 b). Length about 0*5 mm. 

In the abdomen there are ten segments, two additional segments having 
been acquired, viz. the eighth and ninth. The eighth segment, like the sixth 
and fourth, is a wedge-shaped segment, without a tergal shield. The ninth, 
like the seventh and fifth, is a large segment, with tergal shield, and it bears 
the new (fourth) trichobothrium. Neither segment bears legs in this instar. 
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On the seventh segment the sixth pair of legs has formed, its tarsi being 
unsegmented. The tarsi of the fourth and fifth legs have become bi-seg- 
mented. 

(d) Fourth Instar Larva (Text-fig. 23 c). Length about 07-0*8 mm. 
Within the antenfia the fourth (and last) basal segment has appeared. 

In the abdomen there are eleven segments, one additional segment having 
been acquired, namely, the tenth. This segment, like the alternate segments 
that precede it, is a wedge-shaped segment, without a tergal shield, and 
remains permanently without one. It does not yet bear legs. 

On the eighth and ninth segments, which were the new segments of the 
previous instar, the seventh and eighth legs have formed, their tarsi being 
ufisegmented. The tarsi of the sixth legs have become bisegmented. 

( e ) Adult Animal (Text-fig. 24). Length 1-1*2 mm. 

In the abdomen there are twelve segments, the newly acquired segment 
being the eleventh or permanent pre-anal segment. Like the alternate seg- 
ments that precede it, it is a large segment, with a tergal shield (sixth of the 
series) and bears a pair of long trichobothria, but it is, and remains, devoid 
of legs. Its sternal wall is markedly reduced, and, like the anal segment, 
bears a well-sclerotized sternite. 

On the wedge-shaped tenth segment, which was the new segment of the 
previous instar, a pair of legs has formed. Being the last of the series of en- 
larging legs, they are the most strongly developed of all; nevertheless they 
follow the general rule of first appearing with unsegmented tarsi, and since 
there is no further ecdysis, remain permanently in this state. The two pre- 
ceding pairs of legs have now acquired bisegmented tarsi. 

The fact that the last leg, though the largest of the series, should remain 
permanently in this incompletely differentiated condition, suggests that ad- 
ditional ecdyses may have been suppressed in Pauropus , and points even to 
the possibility that further teloblastic segmentation may have been arrested. 
This conclusion is supported by the discovery of Decapauropus, in which an 
additional segment (twelfth) is present between the anal and eleventh seg- 
ments, the latter bearing an additional pair of legs (Remy, 1931). 

2. The Formation of New Segments and their Ganglia 

In the following account it will suffice to describe in detail the develop- 
ment of the teloblastic segments during the first larval stadium. According 
to Silvestri (1902) ‘the formation of new segments takes place between the 
last segment of the trunk, which always remains small during the entire 
larval period, and the one preceding it’ ; opposed to this is Harrison’s state- 
ment that the new segments appear between the last leg-bearing and ‘pre- 
anal’ segments. To examine the teloblastic growth of segments in the larva* 
it is necessary to look beneath the chitin, for a bare inspection of the external 
characters of successive larval instars does not suffice to reveal its nature. 
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The segmental muscles are a particularly useful guide, and they at once show 
that the fifth and sixth segments of the future second instar larva are the 
fifth and sixth of the first instar, which need mainly the legs to com- 



Text-fig. 24. . Adult. 

A. Lateral view of a fully extended animal. B. Ventral view of a male. 
Lettering . c.s collum segment ; ex.v ‘exsertile vesicle’ ; p penis ; ps pseudoculus. 


plete their development. The new segments, as Silvestri observed, must 
therefore develop in front of the anal segment, and the supposed stationary 
‘pre-anal segment’ of Harrison is an error of observation. , 

The muscles of the first instar larva are shown in Text-fig. 25. By com- 
parison with Text-fig. 22 c it will at once be seen that the tergal muscles 
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of the third leg, which in the adult are connected above to the second and 
third tergal shields, arise in the larva from the second and third shields 
respectively. Similarly, the second oblique muscle {obl.b) of the larva, which 
is attached above to the hinder end of the third shield, is attached in the 
adult also to the hind end of the third shield. It is clear, therefore, that the 
third shield of the first instar larva must become the third abdominal shield 
of the next and all later instars. That its sensory seta (trichobothrium) must 
become the second of the series is proved by the fact that when the fifth 



Text-fig. 25. Hinder end of trunk of a first instar larva, drawn to show muscles. The 
drawing should be compared with Text-fig. 22 c, in which the same muscles are identified 
by attached numerals. 

Lettering, d.l.m dorsal longitudinal muscle ; d.v.m dorso-veritral muscle ; l 2 , 3 second 
and third legs ; obl.a, obl.b two sets of oblique muscles ; t.ab.l tergal abductor of leg; t.pr.l 
tergal promotor of leg; t.r.l tergal remotor of leg; v.l.rn ventral longitudinal muscle. 

abdominal ganglion becomes defined in the first instar larva, the nerve to the 
trichobothrium is found to arise from it, and not from the teloblastic ganglion. 
The clue to the sternal parts of the new segments is given by the ventral 
longitudinal muscles, those of the fifth and sixth segments being already 
present in the newly emerged first instar larva. 

Turning now to the actual process of formation of new segments, it will 
be well to begin with the advanced embryo, in which the demarcation of the 
fifth abdominal segment from the anal takes place (cf. section 6, ii, A). In 
the 9-day embryo intersegmental lines appear in the abdomen, but behind 
the fourth abdominal segment the development of such lines is delayed, and 
it is not until a little before the pupa forms that an indication of the line 
between the fifth abdominal and anal segments is seen (fig. 31, PI. III). Yet 
when the pupa is set free, there is already a deep groove in the epidermis 
between these segments (fig. 32 a, PL III). The larva, when this in turn 
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emerges, displays yet another new segment; it is the skth abdominal seg- 
ment, i.e. a wedge-shaped segment with reduced tergal wall, and is inter- 
polated between the fifth and anal segments (fig. 34, PL III). How has this 
new segment arisen ? 

It may have arisen by division of the original fifth segment ; or it may have 
developed out of cells which spread forward from a zone of proliferation in 
the anal segment. That the latter is the case is shown by examining the ventral 
longitudinal muscles. In the terminal segments the development of the 
muscles takes place much later than in the leg-bearing segments, the fifth 
muscle not appearing until about the time that the pupa is due to leave the 
egg. This muscle is attached behind, at the intersegmental line between the 
fifth and anal segments. It is readily identified in the first instar larva, where 
it is still the ventral longitudinal muscle of the fifth segment ; the new (sixth) 
segment could therefore not have arisen by division of the original fifth 
segment, but must have been generated from behind. The process of telo- 
blastic growth therefore actually begins in the pupa. 

In the newly emerged larva the terminal segments present the following 
features (fig. 34, PI. Ill; Text-fig. 26 a): within the anal segment the epi- 
dermal cells, though seldom more than one deep, lie closely crowded, this 
crowding of cells involving all its lateral walls, and the hinder part of the roof 
of the segment, together with most of the floor anterior to the line of attach- 
ment of the occlusor ani muscles. The attachment of these muscles behind 
the zone of proliferation ensures that they remain fixed as the proliferating 
epidermal cells spread forward. In the fifth and sixth segments the epidermis 
is for the most part thin ; the floor of the segments is, however, greatly 
thickened, owing to the presence of the developing ganglia, while to the side 
there is also a thickening, though less pronounced, in the region of impending 
leg-formation (fig. 127, PI. X). In these terminal segments there are still 
only two ganglia (Text-fig. 26 a), as in the advanced embryo and pupa (cf. 
Text-figs. 8, 9). Of these the more anterior is the fifth abdominal, now sharply 
delimited, but still in course of enlargement, for mitoses are often seen in 
its cells, and its ‘ventral organs’ are still present. With it is connected the 
nerve from the second trichobothrium. Behind the fifth ganglion, on the 
floor of the sixth segment, is the teloblastic ganglion, but the future sixth 
ganglion has not yet become demarcated from it. With the teloblastic gang- 
lion is merged the vestigial anal ganglion, and from it arises also the caudal 
visceral ganglion. The presence of the latter gives clear a priori evidence that 
growth of the nerve-cord must proceed sub-terminally, and not terminally. 
Of the ventral longitudinal muscles the fifth has already been referred to; 
the sixth begins to form in the early pupa, and is therefore already well 
defined on the floor of the sixth segment of the first instar larva. Behind 
the sixth the seventh has already appeared, its formation taking place in the 
advanced pupa; this muscle, as Text- fig. 25 shows, intrudes well into the 
anal segment, and i$ a specially useful guide in following the development 
of the seventh segment during the first larval stadium. 
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Early in this stadium the epidermis of the anal segment and of the floor of 
the fifth and sixth segments undergoes intensive cell-proliferation, in conse- 
quence of which it grows still more in thickness, its cells becoming even more 
densely crowded, and imparting to the epithelium a markedly embryonic 
appearance; cf. fig. 131, PI. X, with fig. 132, PI. X (anal segment), and figs. 
127 and 128, PI. X (sixth abdominal segment). On the fifth and sixth seg- 
ments the fourth and fifth pairs of legs now appear (fig. 35, PI. Ill), and 
as these enlarge they soon become bent on themselves. The ganglion 
of the fifth segment meanwhile becomes separated from the epidermis, the 
vestiges of its ‘ventral organs’ being absorbed into it (Text-fig. 26 b). From 
the now greatly enlarged teloblastic ganglion a new ganglion has in turn been 
generated. It is the sixth abdominal. It is still in process of growth, for 
mitoses are encountered among its cells, and moreover, it is still con- 
nected with the sternal epidermis by the dwindling remnant of its ‘ventral 
organ’. 

While the fifth and sixth segments have thus been maturing, the seventh 
has begun to make its appearance (fig. 35, PI. III). The intersegmental line 
delimiting it behind from the anal segment is already present, and on its 
tergal wall may be seen the initial thickening associated with the develop- 
ment of its trichobothrium. That the new segment has, like the sixth that 
preceded it, arisen out of cells that have proliferated from the anal segment, 
is proved by examining its ventral longitudinal muscle, for the muscle of the 
new segment (seventh ventral longitudinal) is already definable in newly 
emerged larvae, where its hinder end has attachment to the epidermis within 
the anal segment (Text-fig. 25). For the tergal wall of the segment the 
trichobothria give equally conclusive evidence, the new (third) trichobo- 
thrium taking origin within the limits of the anal segment (fig. 36, PI. II T 
fig. 132, PI. X). 

In late first instar .larvae terminal enlargement has proceeded to such an 
extent that there is much stretching of the chitin at the intersegments. The 
fourth and fifth legs have attained full segmentation, and the seventh segment 
has become much enlarged (fig. 37, PI. III). The already existing (second) 
trichobothrium of the fifth segment has lost connexion with the cells that 
generated it, and a new second trichobothrium is in process of forming ; and 
behind this, on the new seventh segment, the new (third) trichobothrium is 
growing out. Shortly before the first larval moult this trichobothrium 
acquires connexion with the teloblastic ganglion, into which the neuropilem 
has now extended. The ganglion of the sixth segment has meanwhile taken 
its place- in the series of ganglia, having lost connexion with the sternal 
epidermis (Text-fig. 26 c). 

Behind the ventral longitudinal muscle of the seventh segment another 
such muscle has appeared in late first instar larvae ; as usual, it has its posterior 
attachment well within the anal segment, and thereby gives the first indication 
of the production of the eighth segment, which will, however, not be fulfilled 
until after the first moult 
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Text-fig. 26. Internal views of hinder ends of the three first instar larvae shown in figs. 34, 
35, 37, PI. HI. 

A. Newly emerged larva, b, about half through first larval stadium, c, near end of first 
larval stadium. In a the new (fifth) ganglion has appeared ; in B the sixth has formed, 
but is still in course of enlargement; in c thesixth has separated from the sternal 
epidermis. Fat-body is indicated as a transparent body; in A the large spherical inclu- 
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It is evident from the above description that two already formed segments 
have completed their development in the first larval stadium, while a single 
additional segment (seventh) has been added to the series. The ganglion of 
the latter is, in the early second instar larva, the teloblastic ganglion, 
which then again enlarges, thereby giving origin to the eighth ganglion. 
Rudiments of the new (sixth) legs also soon appear in the second larval 
stadium. 

In the fourth instar larva the teloblastic ganglion still occupies the floor of 
the sub-terminal (now tenth) segment. No new ganglion is released from it, 
but it remains as the ganglion of the tenth segment. The new segment, which 
is produced after the moult (i.e. legless eleventh segment of the adult animal), 
is therefore devoid of a ganglion, its muscles, like those of the anal segment, 
being innervated from the preceding ganglion. 

From the foregoing account it is evident that teloblastic segment formation 
in Pauropus proceeds in a much simpler manner than in Symphyla (Tiegs, 
1945). Specially noteworthy is the evidence which it affords against the 
supposed bisegmental origin of the tergal shields. It has already been shown 
above (section 6, ii, A) that the second tergal shield of the first instar larva 
is the product of a single segment, and this now clearly holds for the new 
shields that develop in the larva. The fourth shield, for example, must be 
the product of the seventh segment alone, for the future eighth segment does 
not even exist in the second instar larva ; and the fifth shield must clearly 
be the product of the ninth segment alone, for the future tenth segment has 
not yet appeared in the third instar. 

3. The Mesoderm 

In the advanced embryo the ‘teloblastic mesoderm’, whose formation has 
already been described in section 8 (viii), may be seen as two small clumps of 
cells that lie against the lateral body-wall behind the mesoderm of the fifth 
abdominal segment, i.e. within the limits of the anal segment. It is shown in 
fig. 87, PI. 7. Out of this mesoderm is generated the musculature of the 
sixth and succeeding abdominal segments that develop in the larva; out of 
it develops also the median septum of neuroglia cells of the new nerve- 
ganglion ; and finally it yields a small contribution of cells to the hinder end 
of the growing genital tube (see below, section 6). 


sions in the fat-body are residual yolk from the embryo ; in b and c they have disappeared 
and smaller reserve granules are accumulating in great number. In c new (secondary) 
fat-body is arising from the epidermis. Note progressive development of the genital 
tube. 

Lettering, c.v caudal visceral nerve; developing seventh dorsal longitudinal 

muscle ;f b.s secondary fat-body arising from epidermis ; g.ab A , 6 , „ fourth, fifth, and sixth 
abdominal ganglia; g.t rudiment of genital tube; g.tel teloblastic ganglion; m.g mid-gut; 
m.t Malpighian tube; n.s.s nerve from the second sensory seta (trichobothrium), passing 
to fifth abdominal ganglion; o.a.m occlusor ani muscle; pr.g.c primordial germ-cells; 
r rectum, cavity exposed; s 7 developing seventh segment; s.a anal segment; s.s second 
sensory seta (trichobothrium) ; the labelling line is directed to the clump of sense-cells 
at its base. 
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The development of the teloblastic mesoderm takes place along unex- 
pectedly simple lines, without the production of somites. It begins in the 
early pupa; that this must be so is shown by the fact that the ventral longi- 
tudinal muscles and second oblique muscles of the future sixth and seventh 
segments are already present in the newly emerged larva (Text-fig. 25). 

The early phases in the development of the teloblastic mesoderm consist 
merely of an enlargement of its mass, its proliferating cells becoming heaped 
up, in the young pupa, along the lateral wall of the anal segment, just behind 
the mesoderm of the fifth segment. From here the cells now spread back- 
wards to form a complete lining to the floor of the anal segment, and also 
upward on to the roof of the segment, to form the Anlage of the new dorsal 
longitudinal muscle. These early phases will be understood by reference to 
fig. 129, PL X, and fig. 125 a and b, PI. X; for orientation of the sections 
reference should be made to Text-fig. 9. Fig. 129 sho\ys the position of the 
teloblastic mesoderm in relation to the mesoderm of the fifth segment; it 
represents one of the hindermost sections of a transversely cut young pupa, 
so that the hinder segments are necessarily cut ‘horizontally’ (cf. Text-fig. 9 
for orientation). Figs. 125 a and B, on the other hand, are from a horizon- 
tally’ cut series, the terminal segments being therefore transversely cut; the 
sections are immediately adjacent to one another, b being nearer the anus 
than a. In a note the lateral heaping up of the enlarging teloblastic mesoderm, 
and the development of some median mesoderm; in B note the complete 
lining of the floor of the anal segment by mesoderm. 

The first muscle-Anlage to, form out of the teloblastic mesoderm is the 
ventral longitudinal muscle of the developing sixth segment; it is present in 
2-day pupae, and is first seen as a short column of cells that lies immediately 
behind the fifth similar muscle, and it intrudes into the anal segment. It 
may be seen in fig. 130, PI. X, which should be compared with fig. 129, 
PI. X; note that in the more advanced pupa shown in fig. 130 the fifth 
ganglion has become delimited from the teloblastic ganglion. In transverse 
sections the differentiating mesoderm may also soon be seen spreading down 
over the lateral wall of the enlarging sixth abdominal ganglion (still part of 
teloblastic ganglion); this is shown in fig. 126, PI. X (the drawing should be 
compared with the right side of fig. 125 a, PI. X, which is at exactly the same 
level, but from an early pupa). The vestige of teloblastic mesoderm that is 
not absorbed into the new segment remains as a conspicuous clump of cells 
on the floor of the anal segment (fig. 130, PL X), where it may also be seen 
in early first instar larvae (fig. 13 1, PL X). As described in the previous 
section, the epidermis of the anal segment again becomes, in the early first 
instar larva, a locus of intense cell-proliferation; the teloblastic mesoderm 
also again enlarges, and the above-described processes are repeated; cf. 
fig. 132, PL X, with fig. 131, PL X, and note in fig. 132 the Anlage of the 
new dorsal longitudinal muscle. 

Only brief reference need be made to the further differentiation of the 
mesoderm allotted to the newly forming segments. That of the sixth segment 
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may serve as example. Figs. 125 a (right side), 126, 127, 128, PI. X, represent 
this segment in successive stages of development, the sections being respec- 
tively from an early pupa, a late pupa, an early first instar, larva, and a late 
first instar larva. In fig. 125 a, PI. X, the mesoderm of the sixth segment is 
still part of the teloblastic mesoderm. In fig. 126, PL X, the Anlage of the 
ventral longitudinal muscle has appeared, and the mesoderm is spreading 
down the side of the ganglion to provide myoblasts for the sternal muscula- 
ture, while other cells are beginning to spread a little way up the lateral 
body-wall to form the dorso-ventral muscles. In fig. 127, PI. X, the ventral 
longitudinal muscle has completed its development (cf. Text-fig. 25), and a 
clump of myoblasts has become applied to the appendage Anlage; some of 
the dorso-ventral muscles are already in course of formation, and the dorsal 
longitudinal muscle is distinguishable. Finally in fig. 128, PI. X, in which 
the fifth leg is forming, a great proliferation of the associated myoblasts has 
taken place, and these are being drawn into the cavity of the leg. In this 
figure the median mesoderm is no longer distinguishable* having become 
incorporated, in the usual way, into the new ganglion. 

Specially noteworthy in the development of the teloblastic mesoderm is 
the complete absence of somites, in which respect Pauropus differs from 
Hanseniella , where even well-developed coelomic sacs are present in each 
developing teloblastic segment (Tiegs, 1945). As in Hanseniella , the larval 
mesoderm arises exclusively from the already formed mesoderm of the em- 
bryo ; I have not been able to see any evidence that the new mesoderm arises 
directly from the epidermis of the growing zone, as described by Pflugfelder 
(1932) for the diplopod Platyrrhacus. Such formation of new mesoderm 
from the epidermis has been described for some annelids ( Lopadorhynchus — 
Kleinenberg, 1886; Spio — Iwanoff, 1928); but in others (Poly gor dius — 
Woltereck, 1902; Arenicola — Lillie, 1905; Aricia — Iwanoff, 1928) it seems 
to arise exclusively from the embryonic mesoderm. 

4. The Alimentary Canal and Malpighian Tubes 

Both in the growing larva and in the adult animal an occasional dislodged 
mid-gut cell, with or without excretory content, may be seen within the 
mid-gut lumen. Beyond this there is no indication of any destruction 
of mid-gut epithelium, there being nothing comparable with the periodical 
renovation that is so striking a feature of the growing mid-gut of Symphyla 
and many insects. 

Frequently, both in larvae and in adult animals, intestines are met that are 
entirely free from excretory substance; it would seem that, apart from its 
continuous slow ejection, this waste material may undergo a periodic but 
complete discharge from the mid-gut wall. In intestines which are thus 
freed of their stored excretion products, mitoses are occasionally seen among 
the epithelial cells, not only of the mid-gut itself, but also of the fore- and 
hind-gut (fig. 138, PL X). Actual cell counts in first instar and adult animals 
show a five- to sevenfold increase in the number of mid-gut cells. It is 
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probable that the cell-division which underlies this increase proceeds in 
sporadic outbursts, rather than continuously, for in those rare instances in 
which mitoses do occur they are present in relative abundance (e.g. a third 
instar larva with 180 mid-gut cells showed eleven in some phase of mitosis). 

During the first larval stadium the Malpighian tubes enlarge considerably ; 
their elongation does not, however, keep pace with that of the entire larva, 
so that, by the end of the stadium, their anterior ends, hitherto well within 
the second abdominal segment, have become withdrawn to the third. The 
distinction between the three regions, already indicated in the pupa (see 
above, section 9 ( b ) iv), is now very pronounced (fig. 134, PI. X). These are: 
(i) a short proximal region of embryonic cells, enclosing a lumen that opens 
into the hind-gut ; (ii) a longer median part of large pale and already markedly 
vacuolated cells ; (iii) a shorter terminal portion of cells that present the appear- 
ance of gland-cells. 

Throughout the larval period mitoses may be encountered in the growing 
zone at the base of each tube (fig. 135, PI. X). The new cells, of course, 
become incorporated into the hinder end of the tube only, and there is no 
proliferation of cells within the terminal glandular part. The entire Mal- 
pighian tube of a late second instar larva is shown in fig. 135, PI. X. 

The Malpighian tube preserves this character until the adult condition 
is attained. Thereafter the already pale and weakly staining character of 
the main part of the tube becomes accentuated, and spreads into the terminal 
glandular portion. I have not been able to observe the time of closure of the 
bases of the tubes. 

5. The Fat-body 

In the embryo, as described above (section 12), the fat-body develops out 
of the yolk-cells. By the time the larva is ready to emerge this fat-body has 
become depleted of most of its reserves. In the newly emerged larva it is 
therefore found as a loose and irregular reticulum of cytoplasm, with scattered 
nuclei that display each an exceptionally large nucleolus, but without any 
sign of demarcation into separate cells. Unabsorbed yolk-grains, that have 
survived from the egg, are scattered rather sparsely throughout the fat-body 
(a few may be seen in Text-fig. 26 a). 

As the larva begins to feed, reserve products start to accumulate again in 
the fat-body. These comprise the usual albuminoid grains and large spheres 
of fat. The fat-body thereby comes to acquire a much firmer texture than in 
the early larva (cf. figs. 127, 128, PI. X). There is, however, never a sign of 
mitosis amongst its nuclei throughout the whole larval period, nor do any 
recognizable cell-partitions arise to break up the syncytial mass. 

In newly emerged larvae about eighty nuclei can be counted in the fat- 
body; in the adult animal these have increased about fourfold. What is the 
source of this nuclear increase? In Symphyla there is ample evidence of 
mitosis in the fat-body of the growing larva (Tiegs, 1945) ; but in Pauropus I 
have not met it among several thousand nuclei examined. The possibility of 
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nuclear increase by amitosis cannot be excluded; there is, however, ample 
evidence of the formation of new fat-body from a quite unexpected source, 
namely the epidermis of the growing larva. 

In newly emerged larvae the epidermis is, on the whole, rather thin, and 
is composed of cells with comparatively small nuclei (fig. 127, PI. X). I can 
find no evidence of associated mesodermal cells, the formation of new fat- 
body from which might lead to the false impression of its derivation directly 
from the epidermis. During the first larval stadium some of the epidermal 
cells begin to enlarge, acquire bigger nuclei and clear cytoplasm, and are 
now in the first phase of differentiation into fat-cells (fig. 128, PI. X). They 
are found mainly along the tergal body-wall, though a few are also present 
below the nerve-cord. A rather more advanced phase in the development of 
the new fat-body is shown in fig. 136, PI. X. The enlarging epidermal cells 
have now acquired a highly alveolar cytoplasm, while the adjacent small 
epidermal cells are beginning to close in over them. The developing fat-cells 
thereby become pressed out of the epidermis; it is, however, noteworthy 
that at this phase of their development they are still part of the epidermis 
itself, for they lie external to the basement membrane. 

There follows upon this the condition shown in figs. 137 and 138, PI. X. 
The newly forming fat-body, easily distinguishable by its delicate lace-like 
reticulum and absence of reserve material, has grown in bulk, and has begun 
to assume a syncytial character, while renovation of the epidermis above it 
is almost complete. 

Finally, the new fat-body separates from the epidermis; large fat-vacuoles 
appear within it and the albuminoid reserves become more abundant. The 
already formed fat-body thereby becomes displaced to the sides of the en- 
larging abdominal cavity, the new fat-body occupying the space between 
the alimentary canal and the dorsal body- wall, while there is also a smaller 
amount under the nerve-cord. In larvae in which the old fat-body contains 
ample reserves, the contrast between it and the new fat-body is .very marked 
(fig. 145, PI. XI). But as reserve material begins to accumulate in the new 
fat-body, the distinction between the two is gradually lost. 

The above-described formation of new fat-body from epidermis was quite 
unexpected. In insects and in Symphyla growth of the fat-body in the larva 
may be attended by mitosis in already formed fat-body, or new fat-cells 
may arise from dormant mesodermal cells. As far as I know the only record 
of new fat-body formation out of epidermis is that of Rossig (1904) for 
certain gall-forming wasps (Cynipidae). 

6 . The Reproductive Organs 

(a) Anatomy of Adult Organs . The structure of the reproductive organs 
has already been described by Schmidt (1895), Kenyon (1895), and Silvestri 
(1902); there is, however, considerable lack of agreement, particularly for 
the male organs. The accounts of Schmidt and Kenyon refer to Pauropus 
huxleyi , that of Silvestri to Allopauropus hrevisetus. 
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(i) Female (Text-fig. 27). The ovary'is a very thin-walled unpaired sac, 
lying between the nerve-cord and the intestine j it extends throughout the 
fifth to eighth segments, and, when replete with eggs, even into the tenth. 
The statement by Schmidt that the eggs probably develop from the epithelial 
wall of the ovary is incorrect, for a localized germarium is present. The 
latter is unpaired, and is situated on the floor of the ovarian tube near its 
middle. (This is not general for Pauropoda ; in an undescribed species which 
I have the germarium occupies the hindermost end of the ovary.) It is more 
conspicuous in animals with eight leg-pairs than in adults, and in the latter 
tends to disappear with advancing age (see Text-fig. 27 a). The eggs do not 
lie loose within the cavity of the ovary, but are contained within a very thin 
follicular membrane, by which they are attached to the ovarian’ wall. From 
four to six eggs may simultaneously undergo enlargement by accumulation 
of yolk, the expanding ovary pressing upon the adjacent organs. Between the 
enlarging eggs there may be abundant smaller eggs in which yolk has not 
yet begun to accumulate. 

At its anterior end the ovary passes into a remarkable thick-walled cylin- 
drical glandular duct, through which the eggs must pass on their way to 
the oviduct. I shall speak of it as the ‘ductus glandularis’. It extends from 
the fifth to the third abdominal segment. It is composed of tall columnar 
gland-cells, and is invested externally by a strongly developed layer of cir- 
cular muscle-fibres. When empty its cavity is, except for a narrow median 
channel, hardly visible; closer inspection reveals, however, an almost com- 
pletely collapsed triradiate lumen between its thick epithelial walls (Text- 
fig. 27 c). Whether its function is to secrete the egg-shell, as Schmidt has 
suggested, is uncertain ; in none of the females, with large eggs in the ovary, 
that I have examined are the eggs provided with a shell. 

There is only a single oviduct and it may lie either to right or to left of 
the nerve-cord, around which it bends on its way to the genital atrium. It 
is much thinner than the ductus glandularis, and provides a surprisingly 
narrow channel for the passage of the large eggs. Its walls, evidently highly 
distensible, are lined by cubical epithelium, but are not glandular in character 

(Text-fig. 27 b). . 

The oviduct opens into the side of the genital atrium. This is merely a 
slight depression in the floor of the third segment, just behind the second 
legs, there being no genital sclerites associated with it. I have sections from 
one animal in which the genital atrium, distended with some glandular 
material, presumably from the ductus glandularis, is invaginated deeply into 
the floor of the segment. 

Into the genital atrium, immediately above the orifice of the oviduct, 
opens a single receptaculum seminis, a short, thick-walled, flask-shaped 
organ, lined by cubical epithelium, and often filled with sperms (Text- 
fig. 27 b). 

(ii) Male (Text-fig. 28). There are four large rounded testes lying, one 
behind the other, above the alimentary canal below the fourth to sixth tergal 
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Text-fig. 27. Structure of adult female reproductive organs ; from an animal in which 
the germarium has almost disappeared. 

A. Internal view of adult female. B. Transverse section through floor of genital segment, 
showing genital atrium, and the openings into it of the receptaculum seminis and 
oviduct, c. Approximately transverse section through ductus glandularis. 

Lettering, d.gl ductus glandularis ; /. b fat-body; g ganglion; g.a genital atrium; gr 
vestige of germarium; m muscle sheath; m.g mid-gut; 0 ovarian tube; od oviduct; oes 
oesophagus ; r rectum ; r.s receptaculum seminis ; sp sperms in receptaculum. 
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shields. Each testis is a hollow sac, completely enclosed by germinal epi- 
thelium, and the interior is filled with masses of developing sperms. Investing 
the germinal epithelium is a thin, almost imperceptible, membrane, which is 
the wall of the genital tube itself. The four vasa deferentia that arise from 
the four testes pass down, two on either side, below the intestine, where they 
continue forward as four' vesiculae seminales. 

The vasa deferentia are easily distinguishable from the vesiculae by the 
orientation of their sperm content, whereas in the vesiculae the sperms are 
disposed quite at random (Text-fig. 28 c, b). The walls of the vasa deferentia 
are composed of very large flattened cells, while externally there is a thin 
investing sheath. The vesiculae, whose walls are markedly glandular, are 
often distended with sperms. Within the sixth segment the four vesiculae 
become confluent at their tips, and from the common chamber the two exit 
channels arise. Developmentally the latter are found to form from the 
epidermis alone, and though differentiated into three distinct regions, may 
therefore conveniently be spoken of as the ejaculatory ducts. Following 
Kenyon (1895) we may refer to the three regions as the posterior, glandular, 
and anterior ejaculatory ducts respectively. The posterior ducts are quite 
short and narrow. The glandular section of the ducts are not unlike the 
unpaired ‘ductus glandularis’ of the female; they are, however, rather 
thinner, the nuclei lie at the bases of the cells, and an investing muscle 
sheath is absent. The narrow lumen of each lodges a long structureless 
filament of unknown meaning (Text-fig. 28 b). It is probable that the func- 
tion of the glandular ducts is to secrete a viscous matrix in which the sperms 
are transferred to the female, for sperms within the receptaculum seminis 
of the female are always enveloped in a thick secretion which is not visible 
in the vesiculae. The anterior ejaculatory ducts pass to right and left of the 
nerve-cord to the penes, which lie just median to the second coxae (Text- 
fig. 24 b). 

(b) Development. In the pupa the reproductive organs are still in a very 
rudimentary condition (cf. above, section 11). The future genital tube con- 
sists of a narrow string of cells, resting in a median groove along the roof of 
the nerve-cord, and extending from the fifth abdominal segment a short 
distance into the third (Text-fig. 9). Not more than about a dozen cells are 
present, and of these most are aggregated around the single primordial germ- 
cell (or exceptionally two germ-cells) located within its hinder end (fig. 139, 
PI. XI). Behind the germ-cell the cells of the genital tube merge with the 
median mesoderm of the developing new segments. Sexual distinctions are 
not yet evident. 

In this condition the reproductive organs are found even in newly emerged 
larvae. During the course of the first larval stadium the primordial germ- 
cells and cells of the genital tube begin to divide. In consequence the future 
genital tube grows in thickness. In late first instar larvae from four to six 
primordial germ-cells are present within it, forming a bulge at its hinder 
end, but of a lumen there is yet no sign (Text-fig. 26). 




Text-fig. 28. Structure of male reproductive organs. 

A, Internal view of adult male to show general plan of reproductive system, b. Fragment 
from a ‘horizontally* sectioned adult male, showing vesiculae seminales and portion of 
ejaculatory ducts; only three of the four vesiculae are present in the section, c. Frag- 
ment of vas deferens. D. Mature sperms. 

Lettering , e.d.a , e.d.g , e.d,p anterior, glandular, and posterior portions respectively 
v of the ejaculatory ducts; m.g mid-gut; n.co nerve-cord; p penis; r rectum; t testis; 
v.d vas deferens; vJ vesicula seminalis; v.s.c common chamber formed by fusion of 
vesiculae seminales. 

2421.3 
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Connexion with the exterior is established by the ingrowth of a pair of 
ducts from the epidermis a little postero-medial to the bases of the second 
lees The development of the ducts often takes place in first instar larvae, 
though in many cases it is delayed till well into the second larval stadmim 
They first become apparent as a pair of small epidermal thickenings out of 
which arise a pair of ingrowing cords of cells (fig. 140, PI- XI), which, passing 
upward and a little backward, bend medially round the ventral longitudinal 
muscle, and fuse with the anterior tip of the genital tube over the roof of the 
nerve-cord. The genital tube has, by this time, grown markedly in thickness, 

but even now does not display a lumen. . 

Even well into the second, and often third, larval stadia, no sexual distinc- 
tion is evident; it is particularly noteworthy that the epidermal exit ducts do 
not give the expected clue, for in these earlier larvae they are paired ,n both 
sexes, though, in the adult female, only one of the two ducts survives The 
structure of the gonad prior to the onset of sexual differentiation is shown 
in fig 128, PI. X, the drawing being from a sagittal section of a second instar 
larva. The genital tube, still devoid of a lumen, is now a compact cord of 
cells The germ-cells, much increased in number, form a bulge at its hin er 
end ' and have now moved back into the sixth abdominal segment. It is 
evident from the position of these cells that the genital tube must have 
become elongated behind; and this terminal elongation seems to be 
still in progress, for posterior to the germ-cells the genital tube passes 
directly into the undifferentiated median mesoderm of the developing new 
(seventh and eighth) abdominal segments. As far as I have been abe 
to observe, terminal growth of the genital tube ceases after e s 

^Sexual* differentiation becomes apparent first in the gonad itself; and since 
the testis departs more than the ovary from the primitive condition, it is the 

males that are at first distinguishable with certainty. 

(i) Male. In some larvae differentiation of the gonad-rudiment into 
four testes is already in progress before the end of the second larva stadium 
though generally it is deferred till well into the third The earliest phase in 
the differentiation of the testes that I have obtained is shown in Text-fig. 
29 a; a section taken through its hinder portion is drawn in fig. 14S. 

It is taken from a late second instar larva, and shows the developing testes 
arising as two pairs of lateral thickenings that are growing up to the side ot 
the lid-gut from the anterior and the posterior ends respectively of the 
gonad rudiment, which itself now lies mainly in the sixth segment, ^trans- 
verse section the wall of the gonad displays an epithelial character, with much 
mitosis amongst its cells. Within the four developing testes germ-cells are 
plainly distinguishable by their large nuclei; the intervening region with 
relatively small nuclei, evidently represents the wall of the genital tube 
itself, and out of it the vasa deferentia will eventually form; but as fag. H5> 
PI. XI, shows clearly, its epithelium merges into the developing germinal 
epithelium of the testis Anlage itself. 
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A later phase in the differentiation of the male gonad, taken from a third 
instar larva, is shown in Text-fig. 29 B ; a section through the anterior, middle, 
and hinder regions respectively is depicted in fig. 146, a, b, and c, PI. XI. 
The anterior pair of testes have grown high up around the mid-gut, and 
extend almost to the dorsal body-wall (fig. 146 a). The hinder pair of 
testes are also markedly enlarged, but their dorsal displacement is not very 
advanced, for they still lie to the side of the intestine (fig. 146 c). Between 
the anterior and posterior pair of testes the genital tube is reduced to 
a comparatively narrow band of cells, with just perceptible lumen (fig. 
146 b). Within the testes the germ-cells have greatly increased in number, 
and among these a few (indicated by x in fig. 146, PL XI) are already in 
meiotic prophase. 

In fourth instar larvae development of the testes proceeds apace. The 
anterior pair has become much enlarged (Text-fig. 29 c), sections through 
them (fig. 147, PI. XI) showing that the enlargement is due to distension of 
their cavities. The testicular cavity is lined by germinal epithelium, external 
to which is a thin membrane, often recognizable only by its flattened nuclei, 
and presumably the product of the original sheath of mesoderm (genital 
tube) which invested the primordial germ-cells. Within the germinal epi- 
thelium mitoses are abundant, and many spermatocytes, with nuclei in meiotic 
prophase, have been released into the cavity of the testis. The posterior pair 
of testes have also much enlarged, and within them also spermatogenesis is 
proceeding; they still lie, however, to the side of the intestine. 

The vasa deferentia have now also appeared, and the vesiculae seminales 
are in course of formation. The vasa deferentia arise from that part of the 
genital tube which originally included the germ-cells. As the latter become 
concentrated within the four enlarging testes, the intervening part of the 
genital tube, now freed from germ-cells, becomes reduced in thickness. The 
displacement of the anterior pair of testes into a position above the intestine 
has the effect of drawing out the adjoining part of the genital tube into the 
anterior pair of vasa deferentia, which, however, remain connected with the 
genital tube below the intestine ; this will readily be seen in fig. 146 a, PI. XI. 
That portion of the genital tube which still joins the anterior pair of testes 
with the posterior pair has now become reduced to a narrow strip with just- 
perceptible lumen (fig. 146 b, PI. XI ; Text-fig. 29 b). In fourth instar larvae 
this median band is seen to have divided longitudinally into the two vasa 
deferentia of the hinder pair of testes, and these soon become widely separ- 
ated from one another (Text-fig. 29 c; fig. 147, PI. XI). 

Anterior to the region of the gonad, i.e. in the fourth and fifth abdominal 
segments, the genital tube has grown markedly in width. As the four vasa 
deferentia become better defined, the whole of this widened part of the 
genital tube proceeds to divide into four separate tubes that lie side by side 
above the nerve-cord. The splitting spreads from behind forwards; fig. 148, 
Pl. XI, is drawn from the actual region of division. In these four separate 
tubes we have ttye rudiments of the vesiculae seminales; the outer pair is 
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Text-fig 29. Differentiation of male reproductive organs. 

ingout of the J ^ ^ 

f h ^ antenor end of larva). For section see figs MS 
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Differentiation of the epidermal exit ducts into the ejaculatory ducts has also not yet 
started. four figures drawn to scale. 

Lettering . e.d undifferentiated exit ducts (rudimentary ejaculatory ducts); g.t 

genital tube ; m.g mid-gut ; p penis ; t testes ; v.d vasa deferentia ; v.s vesiciilae seminales. 
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connected, through the anterior pair of vasa deferentia, with the anterior 
pair of testes, the median pair with the hinder pair of testes. 

A still later phase in the development of the testes is shown in Text-fig. 
29 d. The testes have enlarged further, and the anterior pair has begun to 
assume its definitive form, with the vasa deferentia arising from their postero- 
lateral walls. Twisting of the vasa deferentia is now also beginning. In this 
larva the final alinement of the four testes, one behind the other, has hardly be- 
gun ; nevertheless even before the final larval moult this alinement is attained. 

Late in the fourth larval stadium spermatogenesis becomes accelerated, 
and all phases from early spermatocytes to apparently mature spermatozoa 
are visible within the cavities of the enlarging testes. A testis from such a 
larva, cut in sagittal section, is shown in fig. 150, PI. XI. The vesiculae 
seminales have now also begun to increase in thickness, their cells enlarging 
and acquiring an obviously glandular texture of cytoplasm (fig. 149, PI. XI); 
but in none of the fourth instar larvae that I have examined do they ever 
show any sperm-content. 

The ejaculatory ducts alone are of epidermal origin, for they develop out 
of the paired ingrowing cords of cells whose formation in an earlier larval 
instar has already been described above. T. hroughout the second and third 
larval stadia they undergo considerable thickening, there being much evidence 
of mitosis among their cells ; but a lumen is not distinguishable except per- 
haps near their epidermal attachments (fig. 141, PI. XI). Not till late in the 
fourth larval instar does structural differentiation set in. By separation of 
cells each now develops a lumen throughout its length. The inferior portions 
of the ducts remain rather thin- walled, and so form the anterior ejaculatory 
ducts’. The middle part becomes markedly thickened, and out of this forms 
the glandular portion of the ejaculatory ducts (fig. 142, PI. XI). I have not 
been able to make direct observations on the development of the short thin 
posterior ejaculatory ducts, but as they participate in the terminal bifurcation 
of the genital ducts, it is probable that they too must be assigned to the 
epidermal portion. 

The two penes are already present in fourth instar larvae (Text-fig. 29 c 
and d; fig. 142, PI. XI). This points to the possibility of a precocious sexual 
maturity in some males, as in Symphyla; but although apparently fully 
mature sperms are present in the testes of some fourth instar larvae, I have 
never seen any that have been released into the vesiculae seminales. I he 
penes develop, in third instar larvae, by thickening of the epidermis around 
the bases of the ejaculatory ducts. Just prior to the next moult they begin 
to protrude from the surrounding epidermis, and so becpme prominent in 
fourth instar larvae. 

(ii) The Female . In its development this departs much less from the 
condition of the gonad-Anlage than is the case for the male, and consequently 
females are not distinguishable as early as the latter; in no instance have I 
been ^ble to recognize the female before ( the third larval stadium. In such 
larvae the gonad-Anlage has somewhat thickened, but otherwise retains its 
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earlier features except that, among the nuclei of the germ-cells, we can 
occasionally recognize prophase stages of meiosis (fig. 15 1, PI. XI). Later, 
during the third larval stadium, these meiotic prophases become much more 
abundant, while at the same time a number of cells with small nuclei appear 
among the germ-cells (fig. 152, PI. XI). It is from these cells that the future 
follicles, within which the eggs are held in the ovary, are developed. It is 
most unlikely that they can have arisen from the germ-cells ; it is much more 
probable that they grow into the ovary from the ovarian wall, for they are 
connected with the latter, and have nuclei of similar appearance. 

The ovary in such larvae lies within the sixth and seventh abdominal 
segments. As in the male the genital tube has now lost all connexion with the 
median mesoderm of the developing hinder end of the larva, so that it does 
not acquire any additional cells from this source. In front of the ovary the 
genital tube has markedly thickened, but does not, at this period, show any 
noteworthy difference from that of the male. The entire ovary, together with 
proximal part of the genital tube, from a larva cut in ‘horizontal’ section, is 
shown in fig. 153, PI. XL 

During the following larval stadium enlargement of certain oocytes begins. 
Therewith the ovary itself grows still more in size, its most anterior tip lying 
well within the fifth segment, while its hinder end may intrude a little into 
the eighth. The enlarging oocytes lie in two rows along the lateral walls of 
the ovary, and may even bend up a little to envelop the lateral walls of the 
intestine, giving to the ovary the false appearance of a paired organ. Between 
the two rows of enlarging oocytes, on the floor of the ovary, and within the 
sixth and seventh segments, lies the mass of unenlarged germ-cells, some in 
mitosis, others in various prophases of meiosis ; we may now speak of this as 
the germarium (fig. 154, PI. XI). 

In the adult animal the ovary enlarges still further, as the number of en- 
larging oocytes increases, and may extend almost into the fourth segment. 
The germarium, on the other hand, decreases in size as its cells are gradually 
released into the cavity of the ovary, and eventually disappears. Text-fig. 27 
shows an adult female with dwindling germarium. 

The ductus glandularis develops from that portion of the genital tube that 
lies in the fourth and fifth segments, anterior to the ovary, and is wholly 
mesodermal. Its rudiment, from a fourth instar larva, is shown in fig. 155, 
PI. XI, its point of junction with the epidermal exit duct being very clearly 
seen. Already in this undeveloped condition it displays an outer thin invest- 
ment of flattened cells, from which presumably the muscle-coat later develops. 
Sometimes the transformation of this rudiment into the fully formed duct 
is complete even before the final moult ; on the other hand, I have often seen 
‘adult’ animals, with nine leg-pairs, in which the duct is still imperfectly 
developed. The expectation that the ductus glandularis might have a similar 
origin to the glandular ejaculatory duct of the male, which it closely resembles, 
has not been fulfilled ; the ductus glandularis is rather the equivalent of the 
vesiculae seminales. 
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Of the two epidermal exit ducts which are present in earlier larval instars, 
only one survives, and this may be either the left or the right duct. Degenera- 
tion and final disappearance of the opposite exit duct takes place in fourth 
instar larvae (fig. 143, PI. XI). There is no evidence that the receptaculum 
seminis is a vestige of the degenerated exit-duct, for fourth instar larvae are 
sometimes encountered in which the second duct has completely disappeared, 
before there is even a sign of the receptaculum. The latter arises as a thicken- 
ing of the base of the surviving exit duct (oviduct) — fig. 143, PI. XI, but later 
acquires an opening into the genital atrium, close beside that of the oviduct, 
but quite distinct from it (fig. 144. PI- XI). The atrium is merely a depression 
of the epidermis between the bases of the second coxae. 

(c) Gametogenesis. This will be treated only very briefly, since a detailed 
consideration of the nuclear phenomena is not within the scope of this work. 

(i) Spermatogenesis. Throughout the later larval instars, and particularly 
in the fourth, mitoses appear in great abundance in the germinal epithelium, 
and this has the effect of further enlarging the testes and of replacing cells 
that have been liberated into their cavities. In adult animals the frequency 
of mitosis declines. 

When we examine the contents of the testes, we see all phases in the 
development of sperms, from early meiotic prophases to the completed 
gamete. These are not scattered singly through the testes, but lie in clumps, 
and within these clumps the progress of spermatogenesis is markedly syn- 
chronized (fig. 150, PI. XI). This appears to be due to the fact that patches 
of germinal epithelium, and not individual cells, are released into the testi- 
cular cavities. Especially in fourth instar larvae is this release of masses of 
spermatocytes, with nuclei in early meiotic prophase, met with ; it is evidently 
in progress in the upper part of the testis shown in fig. 150, PI- XI. 

After release from the testes, the mature sperms are stored in the vesiculae, 
which may be distended with them. The heads of the sperms (Text-fig. 28 D) 
are rod-shaped bodies, often with a slight bend at the tip, and range in length 
from 13/4 to 24/2. (The above measurements are of the same order as those 
given by Schmidt (1895) for Pauropus huxleyi. In Allopauropus brevisetus, 
according to Silvestri (1902), the sperms are many times this size. In an 
undetermined Australian species, to which I have referred several times 
above, similar enormous sperms are present.) The tail is about the length 
of the head, but can be seen only in sharply stained preparations. Living 
sperms examined in saline often display typical swimming movements, but 
even in such active forms the tail is quite invisible. 

(ii) Oogenesis. In the third instar larva a considerable proportion of the 
germ-cells in the ovary are in some recognizable prophase of meiosis. In 
many others the nuclei are in a resting condition. Occasionally a true mitosis 
is seen. Between the germ-cells are the future follicular cells, easily dis- 
tinguishable by their small size (fig. 152, PI. XI). 

In the following larval stadium, as already described, the more laterally 
situated germ-cells begin to enlarge, each being now enclosed within its 
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own sheath of follicular cells (fig. 154, PI. XI). Their nuclei are in the ger- 
minal vesicle condition. The median row of smaller germ-cells may be 
regarded as germarium. But after the last larval moult an increasing propor- 
tion of its cells, also, are found in the germinal vesicle condition, even though 
the phase of enlargement has not yet set in. Early phases of meiosis are now 
scarce, and true mitoses very rare (fig. 1, PI. I). 

In certain of the enlarged oocytes yolk then begins to accumulate, smaller 
oocytes, still without yolk, lying singly or in small groups between the en- 
larging .cells (fig. 2, PI. I; Text-fig. 27). Prior to the laying down of yolk, 
a deeply staining body, presumably a ‘yolk-nucleus’, may be met with in 
the oocytes (fig. 2, PI. I). 

After the discharge of the egg from the ovary, other laterally placed germ- 
cells within the ‘germarium’ begin to enlarge, to repeat the process. Even- 
tually the whole germarium disappears. 

The nuclear phenomena which follow upon the germinal vesicle phase 
have been described above (see Part 1, Emb. Dev., section 1). 

I have not been able to make any observations on the development of the 
chorion. The fact that none of the ovarian eggs which I have seen showed 
even a rudiment of a chorion supports the suggestion made by Schmidt 
(1895) that the chorion may be secreted on to the eggs as they pass along the 
ductus glandularis. 


Affinities of the Pauropoda 

Although taxonomic work on these minute and fragile creatures has 
brought to light peculiar genera like Eurypauropus , Br achy pauropus, and 
Decapauropus , the group still remains a singularly homogeneous one, whose 
members reveal no clear indication of close affinity with any of the other 
forms of myriapods. Lubbock (1868), who looked upon paucity of appendages 
as a primitive and ancestral feature, regarded the Pauropoda as ‘a link not 
only connecting the chilopods and diplopods together, but also bridging 
over to a certain extent the great chasm that separates these forms from other 
articulates’; and when, in 1879, Ryder discovered the remarkable Eury- 
pauropus , he, too, emphasized the annectant character of the group, for it 
seemed to him to link the diplopods, chilopods, hexapods, and even, owing 
to the branching antenna, the crustaceans. 

Adopting the position of the gonopore as the basis of classification, Kennel 
(1891) was the first to suggest a dichotomous line of descent of the tracheate 
arthropods, in which either an anteriorly situated, or a posteriorly situated 
pair of segmental organs of some primitive Peripatus - like ancestor had be- 
come utilized as the exit ducts of the reproductive organs; the one line of 
descent gave origin to the Pauropoda, Symphyla, Diplopoda, and Arachnida, 
the other to the Chilopoda and Insecta. Pocock (1893) proposed a similar 
scheme, but wisely excluded the Arachnida, and his classification of the 
‘tracheate arthropods’ into Progoneata and Opisthogoneata is now generally 
accepted. The affinities of the Pauropoda within the Progoneata have, 
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however, remained uncertain. Schmidt (1895) correctly recognized the evi- 
dence of structural simplification in their minute bodies, and regarded the 
Pauropoda and Symphyla as simplified offshoots of the ‘protodiplopod stem. 
(I have shown in a previous paper (Tiegs, 1940) that the evidence for vestigia 
diplopody in Symphyla is invalid.) Kenyon (1895) united the Pauropoda and 
Pselaphognatha as sub-orders in the order Protodiplopoda. In Lankester s 
( 1 904) classification the Symphyla andPauropoda are included in the Diplopoda. 

If current notions on the heterogeneous character of the ‘Mynapoda are 
well founded, comparison of Pauropus with any but the progoneate forms 
must be futile. Thus in Lankester’s classification (1904) the Onychophora, 
Diplopoda (including Pauropoda and Symphyla), and Arachnida are con- 
ceived as ‘terrestrial offshoots of successive lower grades of primitive aquatic 
Arthropoda which are extinct’, while ‘the Hexapoda, and with them, at no 
distant point, the Chilopoda, have branched off from the Crustacean main 
stem as specialized terrestrial lines of descent’. Even the more conservative 
schemes of Kennel and Pocock can leave no room for comparison with 
opisthogoneate groups. There is, however, little doubt that the remarkable 
anatomical characters of the Symphyla invalidate these classifications; tor 
our present knowledge seems to justify Ryder’s (1800) original contention 
that the Symphyla are an annectant group, which weld together the Insecta, 
Diplopoda, and Pauropoda into a group of relatively closely related Arthro- 
poda. Into the evidence for their insectan affinities it is not necessary here to 
enter, as this has recently been reviewed by Caiman (1936), Imms (i 93 »). 
and Tiegs (1940); but I would, as newer evidence, point to the remarkable 
embryonic ‘dorsal organ’ common to Symphyla, Collembola, and Campodea 
(Tiegs, 1942a,. 19426), and not known, so far, in any other arthropod. Their 
diplopod affinities are perhaps less striking, for their embryology does not 
support Schmidt’s (1895) contention, accepted by several authorities, that 
their abdominal segments present a vestigial diplopody ; but the manner o 
segmentation of the egg and of mesoderm formation, and the presence of 
such organs as the exsertile vesicles and spinning glands (both present in 
the diplopod order Nematophora), segmented mandibles, organs of Tomos- 
vary, fat-body, proctodaeal Malpighian tubes, as well as peculiarities in 
structure of the brain and gonads, are features which point to more than a 
merely general relationship with Diplopoda. 

In view of these facts it is surprising that a single character of uncertain 
morphological value should, as a criterion of classification, be held to out- 
weigh so much evidence of affinity between the progoneate and opistho- 
goneate groups. Does the position of the gonopore really have the great 
significance that is generally assigned to it ? It is, of course, true, that within 
the various natural groups of myriapods its position is constant. The notion 
at the bottom of the classification is, however, the retention of a forwardly 
situated pair of ancestral coelomoducts to serve as gonoducts in the Pro- 
goneata, and of a posteriorly situated pair in the Opisthogoneata. For the 
latter the, scheme seems to be well justified; for in Seolopendra (Heymons, 
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1901) and in various Orthoptera and Dermaptera (Wheeler, 1893 ; Heymons, 
1895; Wiesmann, 1926; Roonwal, 1937) the gonoducts do indeed develop, 
in the embryo, out of mesodermal coelomoducts. This seems to hold also 
for Peripatus (Sedgwick, 1887), though Kennel (1886) asserts that here the 
ducts are chiefly ectodermal. In the Progoneata, on the other hand, in which 
evidence from the Symphyla and Pauropoda is now available, it is plain that 
the exit ducts from the genital tubes are not coelomoducts at all, as had been 
assumed, but are ectodermal ingrowths. For the Diplopoda evidence on 
this point is not yet available. 

The gonopore of Progoneata seems, therefore, in contrast to that of 
Opisthogoneata, to have the status of a secondary opening, and it is not 
unlikely that it was acquired as an adaptation to their anamorphosis; for if 
the genital segment has become involved in teloblastic growth, the need has 
arisen for the formation of a new gonopore, remote from the zone of growth, 
unless its formation may be deferred till after the completion of anamor- 
phosis. As long ago as 1895 Kenyon, recognizing the anomalous position of 
Scolopendrella (Symphyla), wrote: ‘The animal truly shows many chilopod 
and some thysanuran features, but until it can be shown from a study of its 
ontogeny that the genital ducts are already fairly well formed before the 
posterior segments, it is safe to conclude that the position of the genital 
opening on the fourth body-segment, together with other characters, indicates 
an affinity nearer the Diplopoda than to any other group of Arthropods/ 
Actually, not only are the genital ducts of Symphyla ‘already fairly well 
formed before the more posterior segments’, but they may even be function- 
ing (Tiegs, 1944). In Pauropus , also, they arise long before the hinder end of 
the animal has completed its development, but there is no evidence in this 
case that the gonads are functioning before the completion of anamorphosis. 
For the Diplopoda no observations on the development of the genital ducts 
seem to have been made; the remarkable observations of Verhoeff (1926) 
on ‘intercalated males’ (Schaltmannchen) of Julidae (with indefinite segment 
number) have shown, however, that terminal accretion of segments does 
indeed continue after sexual maturity, though this does not hold for species 
with definite segment number. The existence of anamorphic chilopods, with 
terminal genital opening, does not invalidate this line of argument, for at 
least five instars intervene between completion of anamorphosis and the 
attainment of sexual maturity, and it is in these instars that the genital 
segment and external genitalia develop (hemianamorphosis of Verhoeff, 
1902-25). For the Protura, in which three new segments are added behind 
during anamorphosis, no relevant observations seem to have been made. 

It would appear, then, that at present the classification of ‘tracheate 
arthropods’ into Progoneata and Opisthogoneata, implying as it does two 
independent lines of descent from an ancestor with multiple gonoducts, is 
not sufficiently well founded to invalidate a comparison of Pauropus with 
other than progoneate forms. In the following discussion a more general 
comparison will therefore be drawn. 
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(a) General Features of Development. The segmentation of the egg recalls 
that of Symphyla and most Diplopoda and Collembola. In the phases which 
ensue — a blastoderm, within which a germ-band becomes - defined, from 
which, in turn, scattered cells separate away to form the mesoderm we see 
the distinctive features of myriapod-insect ontogeny. There can, indeed - t be 
no question of the ingrowth of mesoderm at a blastopore, as in Peripatus 
or Crustacea. Yet in Pauropus a modified gastrula can be distinguished 
preceding the blastoderm, but with characters which give a possible clue to 
the path of evolution of the more specialized ontogeny without a gastrula 
that prevails in other myriapods and insects. This question has already been 
discussed (see Emb. Dev., section 5). 

If there is any close affinity between myriapods and higher Crustacea, as 
some authors contend, these early developmental phases might be expected 
to reflect it. That the segmentation of the egg may at times be very similar, 
as in Scolopendra and Astacus , must be conceded; such resemblances are, 
however, largely governed by the yolk-content of the egg. On the other hand, 
the peculiar manner in which the ectoderm and mesoderm develop in higher 
Crustacea, from ectodermal and mesodermal teloblasts, is never encountered 
in any myriapod or insect embryo. Moreover, in Crustacean embryos there 
seems to be an almost total suppression of coelomic sacs, only a few well- 
attested cases of diminutive coelomic sacs having been recorded ( Estheria y 
Cannon, 1924; Iiemimysis y Manton, 1928). It is true that in Pauropus the 
coelomic sacs are also not well developed ; but this is almost certainly a 
simplification, associated with the absence of a cardiac Anlage (see Emb. 
Dev., section 8, ix). In the embryos of all other myriapods and primitive 
insects so far examined, we find very complete series of coelomic sacs, which 
in size rival even those of Peripatus. 

The presence of a gastrula in Pauropus , even though it be a much modified 
gastrula, must be adjudged a primitive feature. The failure to develop com- 
pletely specialized vitellophages is also primitive, for, as in the yolked species 
of Peripatus (Sheldon, 1887-8; Evans, 1901) and in Symphyla, all its ‘yolk- 
cells* are subsequently used in the formation of adult tissues. These tissues 
in Pauropus are the mid- gut epithelium and fat-body. T. he development of 
the fat-body out of ‘yolk-cells’ is particularly significant; it arises in a similar 
way in Symphyla and probably Diplopoda, but in chilopods and insects is 
derived from the mesodermal somites. 

* The absence of a ventral flexure in the germ-band is noteworthy. In all 
other myriapods and in insects a ventral flexure appears, being sometimes 
precocious (Symphyla, Diplopoda) or delayed (Chilopoda, Insecta). 

The absence of embryonic membranes is not unexpected, for they are not 
found in any other myriapod, and are a product of evolution within the 
class Insecta. 

The ‘dorsal organ’ of the embryo is not the highly specialized organ of 
Collembola, Symphyla, and Campodea , but is a smaller and simpler structure, 
recalling rather the ‘dorsal organ’ of Crustacea (see Emb. Dev., section 14, vii). 
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(b) Post-embryonic Development . The most striking feature of the post- 
embryonic development of Pauropoda is the anamorphosis, which they have 
in common with Diplopoda, Symphyla, Protura, and some Chilopoda. 
What significance attaches to it ? 

It is probable that precocious emergence from the egg, with deficient 
segmentation, is merely an adaptation to the deficiency of yolk available to the 
growing embryo. Some authors contend that the ensuing anamorphosis is 
a repetition of ancestral history, in which a line of few-segmented ancestors 
grew in length by the sub-terminal acquisition of new segments; this is, 
indeed, the central idea in Tillyard’s (1930) theory of the evolution.of myria- 
pods and insects. The laws of metamerism are, however, too insufficiently 
known to permit any such deduction; what significance can attach to the 
condition of the larva at eclosion, when within the single family Scutigerel- 
lidae, some species emerge with six pairs of legs, others with seven ? There is, 
in fact, no sure evidence as to whether the ancestor of myriapods was a few- 
segmented (Tillyard), or, as Lankester (1904) urges, a multi-segmented 
arthropod; probability favours the latter view, since paucity of segments, 
both in extinct and surviving arthropods, is quite exceptional. The deficient 
abdominal segmentation of Collembola is almost certainly a case of arrested 
development (Imms, 1936); that of Pauropoda is probably the same (see 
Post-emb. Dev., section 1). 

Since two orders of chilopods, and all insects except Protura, develop 
without anamorphosis, is the latter to be adjudged a secondary acquisition 
of those myriapods that display it, or is the reverse the case ? 'I he occurrence 
of anamorphosis in all the primitive surviving myriapods points to the 
likelihood of its being an archaic feature, and not a secondary acquisition. 
(According to recent studies by Fahlander (1938) the multi-segmented chilo- 
pods without anamorphosis are the least primitive members of the group.) 
But this evidence can hardly be regarded as conclusive ; in particular it throws 
no light on the question whether the anamorphosis was complete, or a 
‘hemianamorphosis’ of the chilopod type. It is important in this connexion 
to observe that emergence from the egg in a partially developed condition 
is not confined to the anamorphic myriapods; its prevalence throughout the 
metabolic insects is the basis of Berlese’s theory of larval forms (see Imms, 
1937). It is reasonable to expect that a larva, forced to precocious emergence 
through lack of nutriment in the egg, should find it advantageous to have 
well-developed anterior parts, on which the sense and feeding organs are 
borne, and relegate the completion of its hinder end to the post-embryonic 
phase; but it is disconcerting to find that the metabolic insects, confronted 
with the same problem, have adopted the alternative of emerging with a 
complete outfit of imperfectly developed segments. Possibly the difference has 
been imposed by the character of the ontogeny: in the embryo of Hanseniella 
agilis the germ-band divides into a head and five abdominal segments, to 
which four additional segments are successively added by sub-terminal 
growth before eclosion, and judging by Silvestri’s (i 9 ° 3 ) fig ures > this tyP e 
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development characterizes also the diplopods (Pachyjidus). This can also 
be recognized in Pauropus , though here the teloblafctic growth in the embryo 
is limited to one segment; and it 4 s clearly also the case in Peripatus, as the 
figures of Sedgwick and Kennel show. In Scolopendra (Heymons, 1901) 
and insects, on the other hand, segmentation of the germ-band proceeds 
alpng different lines ; the latter attains its full length, after which segmentation 
spreads along it, but there is no teloblastic growth of segments in the egg. 
The extreme of precocious emergence in the first type of ontogeny is provided 
by Pauropus and some diplopods ; for the second type of ontogeny it is found 
in the remarkable ‘protopod * larvae of some parasitic Hymenoptera, in which 
even external segmentation of the abdomen is suppressed. 

(r) The Head . The structure of the head-capsule and its appendages is 
of special importance for the assessment of affinities. 

In the head of Pauropus specialized features are easily recognized, such 
as the peculiar branched antennae with their globuli and flagella, the deeply 
embedded unsegmented mandibles adapted to a semi-fluid diet, and the 
suctorial mouth-parts and oesophagus. But beneath these specializations 
there is evidence of a very primitive construction of the head ; for while in 
Chilopoda, Symphyla, and Insecta the head-capsule is composed of a pro- 
cephalon to which have been added a mandibular, maxillary, and second 
maxillary segment, in the Pauropoda the latter segment has not been cephal- 
ized, but remains distinct from the head “as the collum segment. 

In Peripatus the ‘head’ consists of three segments, each furnished with a 
pair of large coelomic sacs and segmental organs in the embryo, and with 
a pair of ganglia (Kennel, 1886; Sedgwick, 1887; Evans, 1901); the acfon, 
equivalent of the annelid prostomium, is not separately demarcated, but the 
‘frontal processes* may perhaps represent its antennae (Korschelt and Heider, 
1899). Following Heymons (1901) most morphologists are agreed that the 
procephalon of myriapods and insects is formed by the welding together of 
an acron and three segments (pre-antennary, antennary, and pre-mandibular), 
and it would therefore appear to be the equivalent of the ‘head* of Peripatus. 
Snodgrass (1938) has recently proposed a radical change in our conception 
of head-segmentation in myriapods and insects, the pre-mandibular segment 
being regarded as the first true segment, and the whole region anterior to 
this as acron. The absence of any trace of intersegmental grooves in the 
entire procephalon is held to outweigh the doubtful testimony for segmenta- 
tion which the coelomic sacs and ganglia offer. It must be acknowledged that 
in insect embryos the delineation of the segments, and .particularly of the 
acron, is largely conjectural; on the other hand, Heymons (1901, pp. 34, 37) 
states quite explicitly that in Scolopendra intersegmental grooves are present 
delimiting not only the gnathal segments, but also the antennary and pre- 
antennary segments and acron. To regard the coelomic sacs of the proce- 
phalon as ‘ontogenetic structures* for the accumulation of waste products 
is probably to under-estimate their real significance ; in a generalized myriapod 
like Hatisiniella both pre-antennary and antennary coelomic sacs perform 
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a normal role in developmental processes, in that both play an essential part 
in the development of the dorsal blood-vessel, and even in insects the 
antennary coelomic sac plays this role, though the pre-antennary is usually 
reduced to a vestige. The hope that so primitive a myriapod as Pauropus 
might throw some light on this question has not been fulfilled, for inter- 
segmental grooves appear too late, and all the somites are vestigial. Ferris 
(1942), on the other hand, believes that the component segments of the heads 
of insects can be identified by sutures even in the adult head-capsule ; but 
since intersegmental lines are not present in the procephalon of the embryo, 
it is surprising, though perhaps not impossible, that they should be present 
in the adult. It is noteworthy that these adult sutures transect a region of the 
head from which the protocerebral ganglion develops. In Scolopendra , where 
the evidence seems to be clear, this ganglion develops from the acron (Hey- 
mons, 1901), in which case the sutures cannot possibly be true intersegmental 
lines. A re-examination of the development of a chilopod head is very 
desirable, as it seems to offer the best chance for deciding these questions. 

Evolution in the Myriapoda has been attended by the successive merging 
of three gnathal segments with the procephalon. In Pauropus we seem to have 
a very specialized descendant of a primitive stock of myriapods with only 
two gnathal segments, the ‘lower lip’ protruding from between the maxillae. 
We may speak of these as Dignatha. (The name has already been used by 
Lankester (1904) though with a different implication. It is noteworthy that 
Imms (1936) assigned only two gnathal segments to the hypothetical ‘Proto- 
myriapoda’.) In the Chilopoda, Symphyla, and Insecta cephalization has 
proceded a segment further, and they may be spoken of as Trignatha. In 
the embryology of Symphyla we have evidence of the relatively recent 
incorporation of the third gnathal segment (second maxillary) into the head, 
for that segment appears first as part of the abdomen, being separated from 
the head by a deep intersegmental groove ; and even in insects the abdominal 
character of the mesoderm of this segment has long been recognized (Wies- 
mann, 1926). In the Chilopoda the maxillae, especially the second maxillae, 
still retain, to a surprising degree, the character of ambulatory appendages, 
and it is the appendages of the first abdominal segment (poison jaws) which 
have undergone the greatest specialization. The lower lip of the pre-oral 
cavity in Chilopoda is formed by the first maxillae, fused, as Heymons (1901) 
has shown, with a diminutive maxillary sternite, the fused bases of the second 
maxillae (sterno-costal plate) lying well behind the pre-oral cavity. In Sym- 
phyla and Insecta, on the other hand, the first maxillae operate within an 
enlarged pre-oral cavity, a new ‘lower lip’ being formed by the fusion of the 
second maxillae (labium). This is the highest grade of elaboration undergone 
by the gnathocephaloninthe Myriapoda-Insecta ; following Snodgrass (1938), 
we may speak of its members as Labiata. 

The position of the Diplopoda is still uncertain. The lower lip is here 
formed by the gnathochilarium. It has at times been claimed (e.g. Carpenter, 
1905) that two pairs of maxillae can be distinguished in the adult organ. But 
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embryology alone can provide the clue to its composition ; yet there is a com- 
plete lack of unanimity amongst embryologists as to its manner of formation. 
The contradictory accounts of its development have already been set out 
(Emb. Dev., section 6, v); it will suffice here to repeat that while the most 
recent work, that of Pflugfelder, contends that it develops by a fusion of first 
and second maxillae, most writers (Metchnikoff, Heymons, Silvestri, Lignau) 
state that only the first maxillae enter into its formation. Heymons does not 
even refer to an incorporation of the post-maxillary segment into the head, 
but Silvestri and Lignau agree that the sternum of that segment becomes 
the ‘hypostome’ of the gnathochilarium. Snodgrass (1938) includes the 
Diplopoda in the Labiata, and in my earlier paper on the development of 
Symphyla (Tiegs, 1940) I expressed a similar view. Experience of the 
development of Pauropus, the germ-band of which is almost identical with 
that figured by Silvestri (1933) for the diplopod Archispirostreptus , leads me 
to suspect that this view is wrong, and that the Diplopoda are in reality 
Dignatha ; fox the possible incorporation of a post-maxillary sternite, without 
appendages, into the head, is not comparable with the qephalization of a whole 
’ segment as in Chilopoda, much less still with the formation of a true labium. 

(In the only Palaeozoic diplopod whose mouth appendages have been described 
(the Permian Acantherpestes) there is apparently no gnathochilarium, but 
a pair of mandibles and a single pair of maxillae (Fritsch, 1901).) But if 
v Pflugfelder’s observations should eventually prove correct, then the case for 
the inclusion of Diplopoda among the Labiata will have been proved. *A really 
critical investigation of the development of Diplopoda is much needed. 

The primitive organization of the head of Pauropus is expressed also in its 
musculature. Snodgrass (1928), in discussing the problem of the insect 
tentorium, has shown how the sternal adductor muscles must, in the first 
instance, have arisen from the hypopharyngeal apophyses, but that in Chilo- 
poda the muscles of the mandibles have secondarily taken origin from a 
ligamentous bridge between the apophyses, while ‘in Diplopoda, Crustacea, 
and Apt^rygota groups of the adductor fibres from the mandibles have lost 
their sternal connexions, and have united with each other by a median liga- 
ment to form a dumb-bell muscle between the two jaws'. In Symphyla 
I have found (1940) that the primitive condition postulated by Snodgrass 
has survived in the mandibular musculature ; and this proves to be the case 
also in Pauropus (see Emb. Dev., section 15). On the other hand, in the great 
development of the oesophageal dilator muscles that take origin from the 
apophyses, we have one of those remarkable specializations that are so fre- 
quent, in Pauropus. 

In the primitively constructed head of Pauropus we seem to have the clue 
to some hitherto- unsolved problems in the morphology of the mouth-parts 
of other myriapods and insects. The maxillae, as we have seen (Emb. Dev., 
section 6, ii, B), are more generalized appendages than was formerly thought; 
for a lacinia, stipes, and cardo are distinguishable, even though a palp and 
galea are lacking. The cardo in this case is not provided with muscles, and 
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may therefore be looked upon, not as a part of the appendage itself, but as 
a pleural sclerite ; and it is not unlikely that this homology may be extended 
to cardines in general. Snodgrass (1928), it may be recalled, has already 
pointed to the difficulty of seeing in the cardo a distinct basal segment of 
the appendage. It is probable, also, that in the maxillae with their associated 
intermaxillary plate, we have the forerunner of the complex gnathochilarium 
of diplopods ; for the lateral parts of the gnathochilarium show an unmistak- 
able resemblance to maxillae, in which cardo and stipes are distinguishable, 
while the central part may well be derived from the intermaxillary plate, the 
hypostome alone being of post-maxillary origin. In the gnathochilarium of 
Polyxenus these components are especially evident. In this primitive diplo- 
pod, according to Carpenter (1905), superlinguae (maxillulae) are also present, 
but these seem to be unknown in other diplopods. 

It would also appear that with the formation of a new ‘lower lip’ in the 
Labiata, the primitive ‘lower lip’ of Dignatha, as exemplified in Pauropus , 
has survived as the hypopharyngeal apparatus ; superlinguae are common to 
both, being derived in both cases from the mandibular epidermis, and the 
median lobe (hypopharynx proper, lingua) is formed in Labiata mainly from 
the maxillary sternite, though there is evidence that the mandibular and even 
labial sternite may contribute to its formation. 

(d) The Abdomen . The chief problem in the abdomen relates to the nature 
of the segments: are they simple segments or diplosegments ? Kenyon long 
ago observed that while in Eurypauropus ‘the diplopod condition is indubi- 
table’, on the other hand, in Pauropus alternate legs seem ‘to come between 
the dorsal plates, thus much less clearly bearing evidence of a diplopodial 
segmentation’. Attems (1926) nevertheless writes ‘there is recognisable a 
developmental tendency for two segments to be united into double segments 
by a common tergite’, and this view may fairly be said to express current 
opinion. Verhoeff (1934) makes the extraordinary assertion that the segments 
of Pauropus are quadruplosegments, produced by a fusion of two diplo- 
segments, which have each been reduced beyond the stage of reduction 
attained by Symphyla; but I have shown in a previous paper (Tiegs, 1940) 
that the embryology of Symphyla does not support the view that the ab- 
dominal segments of these animals are reduced diplosegments, and there is 
certainly nothing in the embryology of Pauropus from which Verhoeff ’s 
statement can gain any support. 

In Br achy pauropus each leg-bearing segment, except the first, is said to 
have one tergal scute, and a diplopod condition is therefore excluded in this 
genus. But in the remaining genera of Pauropoda there is only one such 
tergal shield for every two leg-bearing segments. If animals are examined 
that have died in a contracted condition, the impression is undoubtedly 
given that the tergal shields are diplotergites that cover two separate segments ; 
but if the animals have died in an extended condition, then the tergal shields 
seem to be the products of alternate segments only (Text-fig. 24 a). Embryology, 
which alone can decide the question, confirms this latter interpretation 
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(see above, Emb. Dev., section 6, ii, A; Post-emb. Dev., section 2). The 
commonly accepted opinion that we have in the abdomen of Pauropus an 
incipient diplopody proves therefore to be an error; the condition of the 
segments may be compared rather with that of some chilopods ( Ltthobms 
and especially Scutigera) in which there is a tendency for reduction in the 
tergal region of alternate segments. In the oldest-known myriapod, the 
Silurian and Devonian Archidesmus (Peach, 1882, 1889), a similar reduction 
in the tergites of alternate segments is found. In the Diplopoda, on the other 
hand, the segments are welded together in couples, which have a common 
tergite. This remarkable condition may have been brought about either 
by the duplication of parts within single segments, or by the coupling of 
segments; the presence of two separate sternites in the diplosegments of 
the extinct and primitive Palaeozoic Macrosterna (Fritsch, 1901) is sugges- 
tive of an incomplete fusion of simple segments. 

In one important respect, however, the Pauropoda seem to show affinity 
with the Diplopoda. In both groups the post-maxillary segment appears 
to be a legless collum segment. In Pauropoda the evidence is very clear; here 
the collum segment is a complete ring, and even in the embryo is devoid of 
any rudiments of appendages (the so-called vestigial legs of the collum 
segment of Pauropus are not developed from appendage rudiments in the 
embryo— see Emb. Dev., sections 6, ii, A; 14, v). In Diplopoda, also, the 
post-maxillary segment seems to be devoid of any rudiments of appendages 
in the embryo (Heymons, Silvestri), Pflugfelder’s statement to the contrary 
standing in need of confirmation ; but the collum segment, which develops 
out of the pist-maxillary segment of the embryo, is not in diplopods a com- 
plete ring, for its sternite seems to become incorporated into the head as the 
hypostome. In this respect the collum segment of Diplopoda shows an 
advance in specialization over that of Pauropus. Should the legless post- 
maxillary segment prove to be a general feature of all Diplopoda, it will 
provide most weighty evidence of affinity of these animals with Pauropoda ; 
for in no other myriapod is this peculiar condition found (the so-called 
collum segment of some Symphyla is a post-labial segment). In the primitive 
diplopod Polyxenus , according to Reinecke (1910), a collum segment is not 
present; but the interpretation of adult segments in diplopods is notoriously 
uncertain, and needs the support of embryological evidence. 

The legs, on the other hand, except for the smaller trochanter and the 
jointed tarsus, resemble those of Symphyla rather than of Diplopoda; for 
the pre-femur of Diplopoda is not present, nor do we find the close approxima- 
tion of opposite coxae that is so characteristic of these myriapods (Text-fig. 
24 b). But with Diplopoda and Symphyla the legs of Pauropoda share one 
primitive feature: opposite legs move in unison, whereas in chilopods and 
insects their action is alternating. 

Exsertile vesicles (coxal sacs) have not hitherto been described for Pauro- 
poda. The small papillae on the collum segment, commonly regarded as 
reduced legs, are, however, probably organs of this type (cf. Emb. Dev., 
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section 14 , v) ; and, like the exsertile vesicles of Symphyla, they develop from 
the remains of the ‘ventral organs’. In Diplopoda true exsertile vesicles are 
met with; from Scudder’s (1882) drawing it is evident that they were well 
formed in the huge Carboniferous Euphoberia, and amongst surviving groups 
they are prevalent in the orders Nematophora and Cholobognatha. They 
have not been found in any chilopod, but occur throughout the Symphyla, 
and, amongst primitive insects, in Diplura as well as in Machilis. The 
supposed abdominal appendages of Protura have, at their ends, a form of 
exsertile vesicle, and such a vesicle is also present on the ventral tube of 
Collembola. Whether the vesicles of Protura and Collembola, situated, as 
they are, at the ends of what seem to be appendages, are comparable with 
exsertile vesicles that arise from the abdominal wall, is uncertain ; but apart 
from these doubtful cases, the widespread occurrence of exsertile vesicles in 
other myriapods and primitive insects points to the essential unity of these 
groups. 

The function of these organs is unknown. They have been variously 
regarded as adhesive, water-absorbing, or even excretory; current opinion 
favours the view that they are respiratory, though there is no real experi- 
mental evidence for this. It is stated that in Machilis they are extruded in 
a warm damp atmosphere (Haase, 1889), but whether to absorb moisture 
or oxygen is uncertain. Nutman (1941) has shown that in Collembola the 
vesicle at the end of the ventral tube has a water-absorbing function. The 
exsertile vesicles of Symphyla seem to have a similar function, as the following 
observations on Hanseniella agilis show. A batch of sixteen animals were 
placed overnight in a petri dish on soil that had been moistened with water 
containing a little dissolved ‘light green’ dye. The following morning the 
animals were anaesthetized and examined with a binocular microscope. In 
eight animals the entire series of vesicles was coloured bright green; in one 
animal only a few were coloured. The coloration was quite selective for the 
exsertile vesicles, except for an occasional discoloration of the chitin of the 
distal leg-joint. It is therefore evident that the animals had been applying 
the opened vesicles to the moistened soil. Many of the animals had also 
succeeded in taking moisture into the alimentary canal. In four, both ali- 
mentary canal and exsertile vesicles were coloured; in five, only the latter; 
three had used only the alimentary canal, while in the remaining four there 
was no evidence of any water-intake at all. In Campodea fr agilis I have never 
obtained any discoloration of the vesicles, though the alimentary canal in all 
cases soon became green. In Pauropus , also, the ‘exsertile vesicle’ of the 
collum segment was never found discoloured ; in this animal there is evidence 
for direct absorption of water through the general chitin, for the interior of 
the distal leg-segments is commonly discoloured. Judging by the work of 
Oudemans (1888), the exsertile vesicles of Machilis , also, are not used for 
the absorption of water. 

(e) The Glands . For purposes of phylogenetic discussion, interest centres 
chiefly in those salivary glands that are of mesodermal origin. These are 
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generally regarded as derivatives of segmental organs, after the manner of 
the great salivary glands of Peripatus. Of these glands there are two in 
Pauropus, the pre-mandibular and the maxillary glands. 

The presence of a functional pre-mandibular gland in the remote ancestors 
of insects and chilopods had been suspected by Wheeler (1893) and Heymons 
(1901), and its actual occurrence in Pauropus does not, therefore, come as a 
surprise. Its presence on the third cephalic segment suggests, indeed, a 
direct affinity with the salivary gland of Peripatus. In Pauropus the adult 
gland shows no vestige of its original tubular character, and the absence of 
an end-sac is particularly noteworthy. The survival of this gland in Pauro- 
pus is probably correlated with the inturning of the lateral margin of the 
clypeus (cf. section 6, ii, B), by which means the orifice of the gland has 
become enclosed within the enlarged' pre-oral cavity. In the Symphyla pre- 
mandibular glands, complete with end-sacs, are present up to the time that 
the larva leaves the egg, after which they degenerate, the end-sacs alone 
surviving as the great tubular nephrocytic organs (Tiegs, 1940). It will be 
recalled, in this connexion, that the end-sacs of the nephridia of Peripatus 
have a nephrocytic function (Bruntz, 19040). In chilopods the ‘lymphoid 
tissue’ of the pre-mandibular segment, and, in insect embryos, the sub- 
oesophageal bodies, nephrocytic in appearance, and also derived from the 
pre-mandibular mesoderm, seem to be the vestiges of this organ; it was 
indeed these tissues which first suggested to Wheeler and Heymons the former 
existence of a pre-mandibular segmental organ. In the weevil Calandra the 
sub-oesophageal body survives even in the adult insect, and here its nephro- 
cytic action in response to injected ammonia carmine is readily displayed 
(see Emb. Dev., section 10, ii). In Collembola the ‘head-kidney’ described 
by Hoffman (1908) seems to be a related body. 

The presence, in Pauropus, of a mesodermal maxillary gland, furnished 
with a nephrocytic end-sac, is also not unexpected, for such a gland is 
present in Symphyla. In the diplopod Julus, also, the tubular maxillary 
gland is of mesodermal origin (Heathcote, 1888); in Glomens the nephro- 
cytic character of the end-sac of the maxillary gland has been shown by 
Bruntz. Among chilopods, Scolopendra seems to be lacking in mesodermal 
' glands (Heymons), but in Seutigera and Lithobius there is present a maxillary 
gland whose structure recalls a segmental organ (hahlander, 1938)1 but its 
development still needs elucidation. Most of the other cephalic glands of 
chilopods are epidermal ingrowths (Heyrtions, 1901), in which respect they 
resemble the cephalic glands of pterygote insects. 

Amongst Collembola and Thysanura we find the remarkable tubular 
glands whose development from mesoderm has in one case, Isotoma, been 
proved fPhiliptschenko, 1912). These glands have end-sacs, which display 
a nephrocytic action towards injected ammonia carmine (Bruntz, 1904^ , 
Philiptschenko, 1908). But it is noteworthy that they are not maxillary but 
labial glands, and as such are not present in Pauropus. According to Fah- 
lander (1938) labial glands occur also in certain chilopods and in the symphylid 



Based on a Study of Paur opus silvaticus 31 1 

Scutigerella immaculata\ but in Hanseniella agilis, which I have examined 
carefully, they are not present. 

As the labial glands are mesodermal and are furnished with typical end- 
sacs, they are regarded as surviving archaic segmental organs. That they 
should be present in the labial rather than maxillary segment is surprising, 
for the labial segment is looked upon, with good reason, as k recent addition 
to the head, and can therefore hardly be expected to have retained its seg- 
mental organ. Have we here, perhaps, an instance of Lankester’s ‘seventh 
law’ of metamerism (translation of heterosis) ? 

(/) The Alimentary Canal. In the simplicity of its structure, the alimentary 
canal of Pauropus resembles that of other myriapods, of primitive insects and 
of Peripatus, and differs most markedly from the specialized gut of most 
Crustacea, with its cephalic ‘stomach’ and associated ‘liver’ and (in Mala- 
costraca) complex fore-gut. 

The presence of Malpighian tubes, associated with the hind-gut, is also 
a myriapod feature; similarly named tubes from a group of Crustacea 
(Amphipoda) are hardly comparable with them, for they are mid-gut 
derivatives. 

The Malpighian tubes present us with a peculiar problem. In Peripatus 
they are not present, the most effective organ of excretion being the mid-gut 
epithelium (Manton, 1937). They are found in most myriapods and insects; 
and even in myriapods there seems no reason to doubt their excretory 
function (Plateau, 1876). Yet we find a recurring tendency for these organs 
to degenerate again and even disappear, the mid-gut epithelium or even 
fat-body assuming the role of excretory organ. In Pauropus , for example, 
it is clear that the mid-gut epithelium is the principal excretory organ, as 
in Peripatus ; in Pauropus huxleyi Malpighian tubes are said to be absent 
(Schmidt, 1895); in P. silvaticus they are markedly degenerate and do not 
open into the hind-gut; in Allopauropus brevisetus , according to Silvestri 
(1902), they are present but small, and only in Eurypauropus do well-formed 
tubes occur (Kenyon, 1895). Again, in Symphyla a pair of well-formed 
tubes is present, and these show at least some evidence of excretory function, 
for they eliminate indigo-carmine when this is injected into the blood (Tiegs, 
1944); yet urate concretions are quite absent in their lumen, but accumulate 
in great quantity in the fat-body. In the chilopod Lithobius the mid-gut 
epithelium seems to eliminate waste products, even though Malpighian tubes 
are present (Manton, 1937). In Collembola, where Malpighian tubes are 
absent, special ‘urate cells’ are present in the fat-body, and the mid-gut 
epithelium also seems to exercise an excretory function (Folsom and Welles, 
1906). In Campodea , where sixteen very diminutive Malpighian tubes are 
skid to be present, urates accumulate in great quantity in the fat-body, as is 
the case also in Japyx , where Malpighian tubes are apparently absent. The 
meaning of these facts is not clear. 

(g) Blood and Respiratory System; Fat-body. The absence of a heart and 
of blood-vessels in Pauropus must clearly be attributed to degeneration, and 
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is presumably correlated with dwarfing of the body. The little movement 
that the blood is capable of is probably imparted to it chiefly by peristalsis 
of the intestine. 

The absence of tracheae is probably also a simplification, cutaneous respira- 
tion sufficing in so small a body. Collembola, which rival Pauropus in minute- 
ness, also rely upon cutaneous respiration, only one family (Sminthuridae) 
having tracheae. In the minute Protura the tracheal system is also, when 
present at all, greatly reduced. 

The presence of fat-body is a feature which Pauropus shares with all other 
myriapods and with insects; it is not found in Crustacea. In all insects so 
far examined, and in chilopods, it develops from cells which separate from 
the mesodermal somites. Its development in Pauropus out of ‘yolk-cells’ in 
the embryo is, however, not unexpected, for it has a similar origin in Sym- 
phyla (Tiegs, 1940), while Heathcote’s rather meagre description for Julus 
points to a similar origin. But the development of secondary larval fat-body 
out of epidermis (Post-emb. Dev., section 5) seems to be without parallel in 
myriapods. 

The phylogenetic origin of fat-body in myriapods is unknown, there being 
no comparable tissue in Peripatus . Its development out of yolk-cells in 
primitive myriapods suggests that it may have arisen by the persistence of 
yolk-bearing vitellophages beyond the egg and pupoid phases into the larva. 

(h) Reproductive Organs . Here interest centres chiefly in the evaluation 
of the progoneate condition as a criterion of classification. The manner of 
development of the gonoducts does not support the view that they are, as in 
Peripatus , chilopods, and insects, the remains of segmental organs ; and since 
they arise long before the hinder end of the abdomen has completed its 
development, it is not unlikely that their position remote from the zone of 
growth, is a secondary adaptation to anamorphosis. This question has already 
been discussed. 

It remains only to refer briefly to the gonads themselves. I he unpaired 
condition of the gonad-Anlage is surprising, as is also the failure of the 
coelomic sacs to participate directly in its development. It is impossible to 
assess the meaning of this beyond suspecting that it is bound up with the 
general decline of the coelomic sacs in Pauropus. 

The structure of the ovary, with its parietal 1 germarium and scattered 
oocytes, each encased in a follicular epithelium, recalls that of other myriapods 
( Lithohim , Tonniges, 1902; Polydesmus , Effenberger, 1909; Hanseniella , 
Tiegs, 1945) and of Collembola (Willem, 1900; Imms, 1906), but is wholly 
unlike that of all true insects. 

The location of the testes dorsal to the alimentary canal is quite different 
from that of diplopods and Symphyla, and resembles rather that of Peripatxis 
and chilopods; the resemblance is, however, misleading, for both in Peripatus 
and chilopods the testes develop from the dorso-lateral lobes of the coelomic 

1 This is not general for Pauropoda; reference has already been made above (Post-emb. 
Dev., section 6) to a species of Pauropus with terminal germarium in the ovary. 
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sacs, while in Pauropus they migrate into this position, from below the 
alimentary canal. 

(i) The Nervous System and Sense Organs . Beyond the presence of only 
two component ganglia in the sub-oesophageal ganglion (dependent upon the 
occurrence of only two gnathal segments in the head), the fully formed 
nerve-cord of Pauropus does not display any features worthy of note. 

In the embryo, however, the developing ganglia are associated with 
‘ventral organs’. These peculiar structures were first described and named 
by Kennel (1886) from the embryo of Peripatus , where they were later also 
observed by Sedgwick (1888). In Peripatus the ‘ventral organs’ are bulging 
thickenings of the ectoderm below the developing ganglia; they present, in 
their middle, a gentle depression, from which the nuclei recede, but toward 
which they are orientated. These features also distinguish the ‘ventral 
organs’ of Pauropus and Symphyla (Tiegs, 1940). In Symphyla they are 
not themselves an important source of ganglion-cell formation; they later 
completely separate from the ganglia, and out of their remains the exsertile 
vesicles form. In Pauropus , on the other hand, the ganglia undoubtedly 
undergo enlargement at the expense of cells which arise from the ‘ventral 
organs’, and in the abdominal segments the remains of the ‘ventral organs’ 
are themselves finally incorporated into the ganglia ; in the collum segment 
alone do vestiges of the ‘ventral organs’ remain to produce an organ com- 
parable with the exsertile vesicles of Symphyla. In the embryo of Scolo- 
pendra , as shown by Heymons (1901), the ganglia arise from epidermal 
pits, with orientated cells recalling those of ‘ventral organs’, but these pits 
later invaginate below the surface and become part of the ganglia. Yet the 
developing nerve-cord of Scolopendra displays, in common with Peripatus , 
one important feature which has so far not been found in any other myriapod 
or insect embryo: in Peripatus the dwindling ‘ventral organs’, as they ap- 
proach one another before fusing in the mid-line, remain connected with the 
widely separated ganglion-halves by a peculiar string of cells (Kennel, 1886; 
Sedgwick, 1888); in Scolopendra a similar string of cells (Mittelstrang) is 
present, but in this myriapod the two ganglion-halves become drawn together, 
and the cells of the ‘Mittelstrang’ remain to form a median band of neuroglia 
tissue within the completed ganglion. In Diplopoda, also, according to 
Pflugfelder (1932), the ganglia arise by invagination of pits of orientated cells; 
but a detailed account of the development of these ganglia has not yet been 
given. 

The debatable question of the significance of these peculiar structures has 
been discussed above (Emb. Dev., section 13 (h) i). They are not found in 
insects; nor in any other arthropod hitherto examined. Their prevalence in 
the myriapods seems therefore to point to a closer affinity of the latter with 
Peripatus, than with any other surviving arthropod. 

The brain, in its external form, displays some features unexpected in a 
myriapod. From the descriptions of Saint Remy (1887), Holmgren (1916), 
Fahlander (1938), and others, it is known that the three component ganglia 
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of the brain are,, in most myriapods, imperfectly fused paired lobes, the 
antennary lobes (deutocerebrum) lying beneath the protocerebral lobes, and 
the tritocerebral lobes, in turn, beneath the deutocerebrum. But in Pauropus 
tfye deutocerebrum gives no external evidence of its originally paired condi- 
tion, and is so intimately merged with the protocerebrum, that there is scarcely 
any external demarcation between the two. The tritocerebral ganglia are 
small, as in other myriapods, in which respect they differ from those of 
Crustacea. They remain as separate lobes, and display, moreover, one primi- 
tive feature, in that they merge below into the sub-oesophageal ganglion, 
without the intervention of a free connective. Such a condition is found 
also in some chilopods (Scutigera i Lithobius ), but in other chilopods and in 
those diplopods that have been examined the tritocerebral ganglia are drawn 
up near the brain, thereby exposing the connectives which are free from 
nerve-cells. In insects, as is well known, a still greater specialization is at- 
tained, the tritocerebrum merging so closely into the contour of the brain 
as to become almost obscured. In one respect, however, the tritocerebrum 
of Pauropus shows a surprising specialization: the upper ends of the paired 
ganglia fuse above the oesophagus, with the formation of a second commis- 
sure and an unpaired connective with the frontal ganglion, there being 
nothing comparable with the ‘stomatogastric bridge’ of other myriapods. 

In the deutocerebrum the presence of separate motor and sensory nerves 
to the antenna is noteworthy ; this condition seems to be general for myriapods. 

The presence of what seems to be a vestigial pre-antennary ganglion, or 
ganglion of the hypothetical pre-antennary segment, is also noteworthy. 
Such a ganglion was first observed by Heymons (19 01 ) f° r the embryo of 
Scolopendra , and is known also in Symphyla (Tiegs, 1940). It is not known 
in insects nor in diplopods, though its discovery in the latter, and perhaps 
in primitive insects also, would not cause surprise. 

The protocerebrum is distinguished, even, among myriapods, by the rela- 
tive simplicity of its structure. As in other blind members of the group, 
‘visual masses’ are not developed. Globuli cells, also, are absent, as in 
Symphyla, Collembola ( Tomocerus ), and the chilopod Geophilus . Yet pe- 
duncles are recognizable ; but, as in Julus y they are related to a ‘medial body’, 
and not to a corpus centrale, the latter being much reduced. A ‘medial body’, 
it may be observed, is found also in some Chilopoda, and in the Diplura, 
but is quite unknown in Crustacea. On the whole, the protocerebrum seems 
to display a simplified diplopod character; but in the absence of adequate 
data both for Pauropus and for other myriapods a more searching comparison 
cannot be made. In its development out of three separate ganglion masses, 
the protocerebrum of Pauropus resembles that of Scolopendra , Symphyla, 
and insects (the diplopods have not been properly examined on this point). 

It is evident, from the foregoing discussion, that the brain of. Pauropus, 
despite some singular features, conforms to the myriapod type. In what 
relation does the latter stand to that of Peripatus ? According to Holmgren’s 
description the brain of Peripatus consists of a central portion containing 
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the corpora pedunculata, of a pair of lateral ganglia associated with the 
antennae, and of a hinder part, from which the nerves to the mandibles 
arise. The presence of corpora pedunculata in the central portion seems to 
identify this region with the archicerebrum (ganglion of prostomium) of 
annelids, and with the more highly developed protocerebrum of myriapods 
and insects, of which it is probably the forerunner. On the view here adopted 
the lateral ganglion masses from which the nerves to the antennae originate 
would be the equivalent of the much-reduced pre-antennary ganglia of 
myriapods, i.e. ganglia of the first segment. It seems difficult to avoid this 
conclusion ; for the first segment of Peripatus must have the status of a true 
segment and not of an acron, since it contains in the embryo a well-developed 
coelome, and, as all writers agree, a pair of vestigial segmental organs (Ken- 
nel, 1886; Sedgwick, 1887; Sheldon, 1888; Evans, 1901). Yet in Kennel’s 
clear description of the developing brain the entire ganglionic mass of the 
first segment is shown to originate from a single pair of invaginating ‘ventral 
organs’. Evans, indeed, later sought to demarcate an archicerebrum within 
the mass of developing ganglionic tissue, but the evidence for this is not clear. 
A renewed investigation on this point is needed; it is perhaps significant that 
in Pauropus the Anlage of the pre-antennary ganglia is at first confluent with 
that of the protocerebrum, and only later becomes separately defined. 

The presence, both in Diplopoda and Chilopoda, of eyes consisting of 
aggregations of ocelli points to their probable occurrence also in the fore- 
runners of the Pauropoda. But in all the members of this group that have so 
far been discovered eyes are absent, as they are also in Symphyla, Diplura, 
and various diplopods that habitually live in the dark. For purposes of phylo- 
genetic discussion the chief problem concerns the compound eye. No theory 
which presents the Myriapoda-Insecta as a continuous line of evolution of 
terrestrial arthropods, and excludes the Crustacea, may ignore this remarkable 
organ, for there can be no denying its almost complete identity in Crustacea 
and higher Insecta. That the compound eye has evolved from a simple 
aggregation of ocelli is now generally agreed ; for there is much similarity in 
structure of an ommatidium and an ocellus, and moreover, in the larvae of 
many holometabolous insects, as well as in adult fleas and Strepsiptera, the 
eye is found in this condition. It is only by multiplication and aggregation 
into a compound eye that groups of ocelli could achieve even such moderate 
resolution as the insect eye is capable of. Korschelt and Heider, who support 
the theory of a myriapod origin of insects, point out that a compound eye 
must have appeared in this way at least four times in arthropods, namely, in 
scorpions, Crustacea, Scutigera , and insects, the organ of insects and Crus- 
tacea being almost indistinguishable. Hesse (1901), on the other hand, 
regards the possibility of convergence as too remote to consider. Yet he has 
himself provided the evidence that the compound eye of higher insects has 
probably evolved within the class Insecta itself ; for in Lepisma the compound 
eye is of the bilaminate type found in Scutigera , a vestige of this being 
recognizable even in the eye of Periplaneta . If the remarkable similarity 
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' between the eyes of higher insects and Crustacea be accepted as evidence of 
affinity, then it must be of the most immediate affinity ; but this is hardly 
compatible with the many deep-seated differences between the two groups. 

Of the sense-organs of Pauropus , the most remarkable are the pseudoculi 
and the strange tactile flagella of the antennae. The latter, as Verhoeff has 
already observed, seem to be modifications of the peculiar clubbed ‘hairs’ 
which abound on the chitin of Pauropus , and seem to be quite unique. The 
pseudoculi are also very specialized organs, apparently unknown in other 
myriapods. Whether there is any affinity between them and the widely 
distributed organs of Tomosvary is uncertain. 

Evolution of the Myriapoda and Insecta, and their Relation to 

OTHER ARTHROPODA 

Any theory of the evolution of the myriapods, and their derivatives the 
insects, must embrace the wider problem of their ultimate origin. But on 
this question the greatest perplexity still prevails, for the fossil evidence'has 
not proved helpful, and both embryology and morphology speak with an 
uncertain voice. 

The Myriapoda may have arisen from the Crustacea, or from the I rilo- 
bita, or from some extinct Peripatus- like ancestor. But it is also possible 
that they may have sprung from an extinct type of arthropod that cannot 
be assigned to any of these groups, as in Tillyard’s (1930) ‘Protaptera theory. 

In theories of the last-named type, in which the hypothetical ancestor 
is conceived to embody a combination of characters requisite to the particular 
case, conviction must depend ultimately on the discovery of such an ancestor 
as a fossil. Here the actual evidence for the existence of such an ancestor, 
in the form of the supposed pre-Cambrian Proadelaidea (David and Till- 
yard, 1936), seems much too meagre to justify the important conclusions 
that have been drawn from it. For the present, therefore, we can turn only 
to known forms of arthropod. 

In the Crustacea we have a sharply delimited group of already markedly 
specialized and primarily aquatic arthropods, whose most primitive members, 
the Branchiopoda, seem to show evidence of near- annelid affinity. In the 
theories of Carpenter (1903), Borner (1909), and Crampton (1919, 1928) the 
higher Crustacea are conceived as the ancestors of Myriapoda and Insecta, 
the arguments being variously based on such external characters as structure 
of mandibles and of head-capsule, and the supposed identity in segment 
number. It is the already high specialization of the Crustacea which presents 
the main difficulty for these theories. In no myriapod or insect is there any 
true biramous appendage of the crustacean type, nor is it ever met in the 
embryo. The post-cephalic region of Crustacea, already differentiated into 
thorax and abdomen, with diversified forms of appendages, is in marked 
contrast to the undifferentiated post-cephalic region of myriapods, with its 
serially uniform walking-legs. The specialized alimentary canal, with 
cephalic Stomach’ and ‘liver’, and, in higher Crustacea, diminutive mid-gut, 
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is also quite different from the thoroughly simple type of gut that prevails 
throughout the myriapods and primitive insects, while the pronounced 
shortening of the heart in the higher Crustacea is never met with in any 
myriapod or insect, though in the more primitive Crustacea an elongate 
heart of the myriapod-insect type is found. The remarkable ectodermal and 
mesodermal teloblasts of crustacean embryos are never encountered in the 
ontogeny of myriapods or insects, while the marked suppression of coelomic 
sacs is in contrast to their strong development in most myriapods and primi- 
tive insects. There is, moreover, never an indication of a nauplius phase in 
the development of any myriapod or insect, yet it is of universal occurrence 
in Crustacea. In thus rejecting the crustacean theory one must, however, 
fairly face the evidence from the compound eye; this question has already 
been discussed, the resemblance being attributed to convergence. The 
retention of segmental organs in the head of Crustacea and some myriapods 
is also difficult to assess ; it is noteworthy that in Crustacea they are excretory 
organs and in myriapods salivary glands. The problem of the mandibles, 
which Borner in particular has stressed, does not seem a serious one, for 
similar feeding habits may well be expected to engender similar feeding 
organs. 

The Trilobita are the most primitive and generalized of all known Arthro- 
poda, unless Peripatus be admitted to the phylum. Formerly regarded as 
Arachnida, they are now, following the discovery of their biramous appen- 
dages, usually ranked with the Crustacea. Of their internal anatomy nothing 
is known beyond the fact that they had a straight intestine with cephalic 
stomach and probably liver (Raymond, 1920), features which they share 
with Arachnida and Crustacea, but not with myriapods and insects. The 
appendages were, except for the simple antennules, serially similar biramous 
structures, there being four such appendages on the cephalon. The terms 
‘antennae’, ‘mandibles’, &c., that are sometimes applied to the cephalic 
appendages cannot therefore be used with strict propriety. In the most 
recent work of Walcott (1918, 1921) the trilobite appendage is described as 
consisting of a coxopodite (always with gnathobase), an endopodite (walking- 
leg), an exopodite (which may be a broad setiferous swimming ( ?) blade 
or a spiral filament fringed with delicate branchiae), and a blade-like epipo- 
dite. 1 Since chelicerae are absent, the Trilobita cannot be Arachnida. But 
there are also strong grounds for excluding them from the Crustacea: (a) 
from their appearance early in the Cambrian to their extinction in the Per- 
mian, they preserve a remarkably stereotyped body-form, differing from that 
of any known crustacean ; (b) there is no diversity of appendages, which is so 
characteristic of Crustacea; (c) the larva in all known cases is a ‘protaspis’ 
and not a crustacean nauplius. Yet in the wonderful mid-Cambrian marine 
fauna discovered by Walcott the trilobite affinities of the Crustacea are 
clearly brought out. Burgessia , Waptia , and Yohoia were Branchiopoda, but, 

1 Stormer (1933), who has since re-examined Walcott’s material, agrees with Raymond 
that there is no real evidence of an epipodite. 
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as Raymond (1920)* has shown, with strong evidence of trilobite affinity 
in their appendages, and this is especially clear in the later restorations given 
by Walcott (1931); particularly noteworthy are the mouth-appendages, 
which were walking-legs without differentiation into mandibles and maxillae. 
In the remarkable Cheloniellon described by Broili (1933) we have evidence 
for the survival of such primitive Crustacea even into the lower Devonian. 
Yet this can hardly be construed as valid evidence for the derivation of these 
primitive Crustacea from trilobites. Of the long pre-Cambrian ancestry of 
the trilobites from annelids nothing whatever is known ; but we may presume 
that it was from some pro-Trilobite Arthropod that the primitive Crustacea, 
with their more worm-like body, arose. The affinity between Trilobita and 
Arachnida seems to be even closer than with Crustacea. Whether the 
‘trilobite larva’ of Limulus , with its chelate appendages and unsegmented 
abdomen, but otherwise very trilobite-like body, implies such affinity may 
perhaps be doubted. On the other hand, there seems to be good evidence 
for a ‘protaspis’ stage in the embryo of Limulus (Iwanoff, 1933). The recent 
work of Raasch (1939) on the Aglaspida has brought out the merestome nature 
of these Cambrian arthropods, for in one genus chelicerae have been revealed ; 
yet, except for their long articulated telson spine, they show a most remarkable 
resemblance to trilobites, and especially is this the case for the mid-Cambrian 
Beckwithia described by Resser (1931). This would seem to imply the former 
existence of even more primitive types derived either from the trilobites or 
from the base of the trilobite stem. Their distinguishing features would be 
a general resemblance to trilobites, the presence of trilobite appendages 
(including simple antennules), and the occurrence of an articulated telson 
spine. It is quite possible that the remarkable mid-Cambrian genera 
Molaria , Habelia , and Emeraldella described by Walcott (1912), but referred 
by him to the merestomes, fulfil these conditions. 

From the presence of chelicerae and uniramous appendages in Aglaspida, 
Raasch has argued against any close affinity between them and trilobites. 
Exopodites are, however, notoriously difficult to detect except in the most 
perfect material; in any case, the appendages of the mesosoma of Limulus 
are biramous. Moreover, Stormer (1933), who has re-examined the remark- ‘ 
able trilobite material of Beecher, Raymond, and Walcott, declares that in 
Limulus ‘the exopodite is much more like that of the trilobite than is that of 
any Crustacean’. 

Such being the affinities of the Trilobita, is there any reason to suppose, 
as Handiirsch (1925) and Raymond (1920) do, that the Myriapoda may have 
arisen from them? The already stereotyped body-form of the Trilobita is in 
marked contrast to its simplicity in the generalized myriapods, and through- 
out the whole range of known trilobites there is not a single form that shows 

1 In a more recent paper Raymond {Bull. Mus, Comp. Zool. Harvard , 1935, 76, no. 7) 
considers it necessary ‘to remove the Mid-Cambrian forms from the sub-class Branchiopoda, 
although still considering them as belonging to the stock from which the modem groups 
were derived’. 
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even a passing resemblance to a known myriapod. This may perhaps be 
attributed to the adoption of a terrestrial habitat by the latter ; but terrestrial 
adaptation in other groups of arthropods has not so completely obscured 
all trace of affinity with related aquatic groups (e.g. scorpions and their 
aquatic Silurian ancestors), and even the most ancient myriapods, the 
Silurian and Devonian Archidesmus (Peach, 1882, 1889), give no sign of it. 
It must however be acknowledged that the nature and diversity of the terres- 
trial fauna of the Silurian and Ordovician are almost completely unknown, 
and that some fortunate discovery, such as the Rynie chert of a later period, 
may yet reveal an unexpected terrestrial myriapod fauna with trilobite 
affinities. Yet, on the whole, the evidence suggests that this will not be the 
case: neither in the adult nor embryonic condition of any myriapod do we 
meet with appendages of the trilobite type, the supposed biramous character 
of the head-appendages of chilopods (Tothill, 1916) being a misconception. 
The simple alimentary canal of myriapods is also in contrast to that of 
trilobites, with its cephalic ‘stomach’ and digestive glands of the crustacean 
type; nor do we ever encounter in myriapods, as we do in Limulus , an em- 
bryonic phase comparable to the ‘protaspis’ of trilobites. The embryonic 
development of trilobites can never be known ; but if that of Limulus may serve 
as a guide, it would seem that nerve-ganglia developed without the formation 
of ‘ventral organs’, which are so characteristic of primitive myriapods. 

The possibility of seeing in some ancient Peripatus- like form the actual 
ancestor of myriapods and insects is no new idea. It is stated, for example, 
by Sedgwick (1909) in the following words, which seem to express most 
clearly the real affinities of these terrestrial arthropods: ‘The classes Insecta, 
Onychophora and Myriapoda are the survival of a once great and continuous 
group of land Arthropods, a large number of which have become extinct, 
leaving two groups, Insecta and Onychophora, each fairly compact and show- 
ing but little variation of organization, and one, the Myriapoda, loose and 
heterogeneous, and with considerable gaps between the orders.’ 

Not the least surprising of the many remarkable features of Peripatus is 
the fact that it is terrestrial, even though it stands nearer to the annelids than 
do any of the true Arthropoda. But the mid-Cambrian PeripatusAikz 
Aysheaia (Walcott, 19116, 1931) is found in association with the remains 
of marine animals, and was therefore itself of marine or at least littoral 
habitat. But even the recent Peripatus gives ample evidence of primitive 
adaptation to its terrestrial environment : one might point to its low capacity 
to resist desiccation; to its retention of ineffective ‘nephridia’, whose use as 
excretory organs would entail a drain on its water economy (Manton, 1937) > *° 
the crude device for achieving internal fertilization, consistent with a terres- 
trial habitat (Manton, 1938); and finally, to the widespread prevalence of 
viviparity as a means of protecting the eggs not yet fully adapted to the 
land. Has this migration to the land been without further issue, a kind 
of evolutionary cul-de-sac? Or has it set in train the evolution of the 
great terrestrial groups of myriapods and insects? Should the latter be 
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the case, then it will have been one of the most momentous events in the 

whole Palaeozoic age. . 

In the general form of the body and its appendages, Peripatus is devoid 
of those specializations which distinguish the Trilobita and Crustacea. 
Except for the presence of a rudimentary head, composed of the.three most 
anterior segments, there is no demarcation of the body into regions. The 
alimentary canal, quite unlike that of Crustacea, is simple and closely 
resembles that of myriapods, and its mid-gut epithelium has, as in some 
myriapods, an excretory function. The heart also is similar to that of myria- 
pods, and quite unlike that of higher Crustacea. In the embryo a succession 
of strongly developed coelomic vesicles develops, vestiges of which persist 
in the segmental organs; in myriapods and primitive insects, also, the 
coelomic vesicles are strongly developed, and there is a recurring tendency 
for authors to compare them with those of Peripatus and not of Crustacea. 
Segmental excretory orgaris, it is true, do not develop in myriapods and 
primitive insects, but there is often a marked development of coelomoducts 
in the embryo, and these rudiments are not met in Crustacea. The pre- 
mandibular salivary gland of Pauropus and Symphyla is a derivative of such 
a segmental organ, and it is probably no mere coincidence that the salivary 
gland of Peripatus is the segmental organ of the samf (third) segment. The 
segmental organs of the penultimate segment of Peripatus become the exit 
ducts for the gonads ; this holds also for the opisthogoneate myriapods, and 
there is reason to believe that, for myriapods, this is the more primitive 
condition, since in the opisthogoneate forms alone do the gonoducts develop 
out of embryonic coelomoducts. Finally, the nerve-ganglia of Peripatus 
develop in association with ‘ventral organs’, and these remarkable structures 
are also present in myriapods but in no other arthropod (the supposed 
‘ventral organs’ of Pycnogonida are, according to Dogiel (1913), not com- 
parable with those of Peripatus). 

These facts, unless they are quite misleading, seem to point to the Ony- 
chophora as the not very distant progenitors of Myriapoda. The evolution 
of the latter must have taken place upon a background of increasing adapta- 
tion to the terrestrial environment, and this must have involved not only 
the freely living animals, but also their eggs. 

The evolution of the ‘closed box’ type of terrestrial egg (cleidoic egg of 
Needham, 1931) presents special problems, to evade which the device of 
viviparity may, as in Peripatus , have been temporarily resorted to. In its 
most highly developed form (in birds) the cleidoic egg contains its own water 
requirements, and relies on the environment only for its supply of oxygen. 
In most myriapods and primitive insects this degree of independence has 
not been attained; the yolk is inadequately supplied with water, which must 
be supplemented by absorption from without, and oviposition is therefore 
restricted to damp localities. Although remarkable adaptations to dry condi- 
tions may at times have been evolved (e.g. Sminthurus ), there seem to be few 
exceptions to the rule that the eggs depend for their development on an 
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external supply of water. The developing embryo therefore soon outgrows 
the available space within the chorion, which is stretched and usually 
ruptured. This is probably the explanation of the widespread occurrence 
of pupoid phases in myriapods. In many higher insects, also, swelling of the 
egg occurs as development proceeds (see review by Buxton, 1932), and special 
water-absorbing organs, as in Melanoplus (Slifer, 1938), may be present. 
Yet in its most perfected form, the land-adapted insect egg is often found, 
encased in a thick, firm, and indistensible chorion, exposed to the most adverse 
climatic conditions. The nature of these adaptations does not seem to have 
been adequately investigated. 

Upon leaving the egg, water conservation remains one of the chief pro- 
blems of the small terrestrial animal. The myriapods have largely evaded 
this problem by restricting their habitat to moist localities. Most small 
myriapods and primitive insects desiccate rapidly in dry air, and only 
occasionally do we meet well-adapted land forms, such as Scutigera and 
Lepisma. Early in the evolution of the myriapods, we may suspect, an in- 
creasing impermeability of the chitin to water developed; but physiological 
studies on water-conservation in myriapods have lagged far behind the 
illuminating work on insects. As the external chitin of the soft-bodied Peri - 
patus- like animal acquired greater rigidity, this must have led to an accentua- 
tion of the body-segments, and the jointing of appendages. To compensate 
for the loss of flexibility there was ‘developed a mechanism of telescopic 
movement between successive body segments, by the simple device of retain- 
ing non-sclerotized areas in the posterior parts of the primitive segments, 
thus establishing a secondary segmentation in which the longitudinal muscles 
become intersegmental instead of intrasegmental in action’ (Snodgrass, 1938). 
The hardened exoskeleton must, in its turn, have produced the conditions 
for the development of rapidly moving striated muscle, and for the eventual 
evolution of those mechanical contrivances to which the arthropods owe 
their immeasurable superiority over the annelids. 

Except for the simplicity of its head, such an animal would differ but 
little, in external appearance, from a generalized myriapod. The myriapod 
head-capsule may be presumed to have arisen by the incorporation of two, 
and later a third abdominal segment, into the primitive head, the latter having 
become stabilized as the three-segmented procephalon of myriapod-insect 
embryos. (This would necessarily entail the conversion of the mandibular 
appendage of the Peripatus-like ancestor into an antenna. It is not necessary 
to discuss the possible difficulty that might arise from the transformation of 
the mandibles, i.e. enlarged claws, of a recent Peripatus into antennae, since 
in the only Palaezoic onychophoran of which we have any information 
(. Aysheaia , see Hutchinson, 1930), the ‘mandibular’ appendage is an un- 
differentiated ambulatory leg, no true jaws being present.) Pauropus is to be 
looked upon as a dwarfed and simplified, but also in some respects very 
specialized, survivor of a primitive stock of myriapods, in which only two 
such segments have been added to the procephalon (Dignatha); and it is 
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probable that, when their development is better known, the diplopods also 
will be found to be members of this group, though specialization in another 
direction, wfth the formation of diplosegments, has here taken place. The 
presence of a limbless collum segment in Diplopoda and Pauropoda even 
suggests a community of origin for these two groups of Dignatha. 

With the incorporation of the second maxillary segment into the head 
there arose the Trignatha. These comprise the Chilopoda, Symphyla, and 
Insecta. Within the Trignatha, by further specialization, arose the Labiata, 
in which the second maxillae fused to form a new lower lip to the pre-oral 
cavity, within which the first maxillae operated, the lower lip of the Dignatha 
apparently remaining as ‘hypopharynx’. They comprise the Symphyla and 
Insecta. Their great antiquity is attested by the recent discovery of Collem- 
bola in the middle Devonian (Tillyard, 1928; Scourfield, 1940). 

This classification, based on the structure of the head-capsule, does not 
necessarily imply any close affinity between chilopods and insects. The 
chilopods remain, indeed, a puzzling group. In their early development 
they display features reminiscent of Peripatus. The mesodermal somites are 
also extremely generalized, in one respect even more so than in Peripatus , 
for both dorsal and ventral blood-vessels arise by apposition of the somitic 
walls, as in annelids. In the development of the nerve-cord, as described by 
Heymons, there is a marked resemblance to Peripatus , and this applies also 
to the development of the gonads. On the other hand, the conversion of the 
first pair of abdominal legs into poison jaws is a specialization which we find 
in no other myriapod. Their fossil record is not helpful : whereas diplopod 
remains are abundant in Carboniferous and later formations, there are only 
a few disputed chilopod remains earlier than the Tertiary, Scudder (1890) 
having attributed to the Chilopoda some rather nondescript remains from 
the Carboniferous of North America. 

Of all the Myriapoda the Symphyla, being alone Labiata, must stand 
nearest the insects. In this connexion the Collembola present a special 
problem ; for while, among insects, Campodea and its allies seem to be the 
most nearly related to the Symphyla, it is actually in the Collembola that 
myriapod features to the greatest extent prevail. Their early developmental 
processes are quite non-insectan in character, and are of the Diplopoda- 
Symphyla type. The reproductive organs are, except for the terminal genital 
opening, also quite unlike those of any insect, and resemble those of Diplo- 
poda and. Symphyla. The visual organs are aggregates of ocelli; such ocelli 
are characteristic of myriapods, and occur only rarely in adult insects, and 
then probably in consequence of degeneration. Organs- of Tomosvary, pre- 
valent in the Myriapoda, are found also in Collembola, but not in true insects. 
They differ, moreover, from all insects, by the presence of never more than 
nine post-cephalic segments in the embryo. The presence of three pairg of 
walking-legs is, on the other hand, an insectan character; but as evidence for 
their inclusion in the Hexapoda this is offset by the presence of two more 
abdominal appendages (in addition to the Ventral tube ), which also play 
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an important role in their locomotion. Minor insectan characters, which are, 
however, difficult to evaluate, are the unsegmented mandibles, and the 
development of the ganglion cells of the embryo from ‘neuroblasts ’ (Claypole, 
1898; Philiptschenko, 1912), which are general throughout insects, but quite 
unknown in myriapods. As Imms (1936) has convincingly shown, there can 
be little ground for including Collembola among the insects; the available 
evidence is consistent with the hypothesis that they constitute an independent 
group within the Labiata, in which anamorphosis has been suppressed, and 
in which consequently a progoneate condition has not supervened, and that 
specialization has taken the form of elaboration of the springing apparatus. 

It is not unlikely that when the development of the Protura becomes 
known, they will be found to form a fourth group within the Labiata. 

From time to time remains of ancient and extinct myriapods have been 
discovered which cannot be accommodated within any of the existing 
groups: Archidesmus (Silurian, Devonian), Kampecaris (Devonian), Peach, 
1882, 1889; Palaeocampa (Carboniferous), Meek and Worthen, 1865, 
Scudder, 1884; Latzelia (Carboniferous), Scudder, 1890. In these scanty 
remains we have the only real evidence of a former line of myriapod descent, 
from which the present rather isolated groups may be supposed separately 
to have arisen. The state of preservation does not, however, suffice to deter- 
mine the all-important character of the head-capsule. In particular, there is 
no known example of the hypothetical Monognatha, which may be sup- 
posed to have bridged the gap between the Onychophora and the Dignatha. 

The scheme of affinities which the foregoing discussion suggests may be 
put thus : 
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The Myriapoda, we may suppose, were, like the Onyehophora, primarily 
opisthogoneate, for in the opisthogoneate groups alone -do the gonoducts 
develop out of coelomoducts in the embryo. From the prevalence of ana- 
morphosis in recent myriapods we may suspect that some form of ana- 
morphosis, the consequence of deficient yolk in the egg, was prevalent also 
in primitive myriapods ; but whenever conditions favoured the development 
of the reproductive ducts before the completion of anamorphosis, it must 
have led to the formation of a new gonopore, remote from the zone of growth. 
Thus arose the progoneate groups. (Even in insects secondary genital 
openings, remote from the terminal genital opening, may at times appear 
(cf. Imms, 1936).) 

We may further suppose that, in adaptation to a terrestrial existence, the 
segmental organs were soon discarded, for already in Peripatus they have 
been functionally superseded as excretory organs by the mid-gut epithelium, 
and only in the head were some retained as salivary glands. It is probable 
that the mid-gut epithelium, as well as fat-body, which seems to have arisen 
by retention of embryonic vitellophages, assumed the role of excretory organs. 
But from the presence of Malpighian tubes throughout the Myriapoda it 
would seem that these organs soon arose to meet the special needs of an 
excretion consistent with a stringent water economy. Yet it is surprising 
to see how often these organs have again been discarded, as effective excretory 
organs (Pauropus, Collembola, Symphyla, Japyx, Campodea), in favour of 
excretion by the fat-body or mid-gut wall. 

Terrestrial adaptation of the respiratory organs involved the development 
of the tracheal system. Tracheae are present in such diverse forms in different 
myriapods and insects that a polyphyletic origin is commonly ascribed to 
them; yet it is difficult to concede that an effective tracheal system, like that 
of most chilopods, should be completely discarded in favour of a wholly new 
system, as in Scutigera. It seems more likely that there was evolved a general 
tendency to develop tracheae, and that, in consequence of mutation, the 
development of these tracheae became localized in different areas of epidermis. 
The evolution of tracheae was of the greatest importance, not only in pro- 
moting enlargement of the body, but in resolving the dilemma between the 
need for a cutaneous respiration and the inevitable water-loss through a thin 
chitin that it entailed ; for in the better land-adapted types the investing chitin 
becomes increasingly impermeable to water, while evaporation through the 
tracheae is subject to control by temporary closure of the spiracles. It is 
noteworthy that among Collembola Sminthurus, which alone possesses 
tracheae, is alone resistant to desiccation. 

The greater freedom of movement that had its origin in the development 
of mechanical devices in the hardening exoskeleton must have profoundly 
affected, and in turn been conditioned by, the elaboration of the nervous 
system and sense-organs. For swiftly moving animals the tactile and olfactory 
senses must become subordinated to the visual sense; and accordingly we 
find, in passing from the myriapods to the insects, a great relative increase 
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in the visual centres of the brain, and a retrogression in the olfactory centres 
(cf. Hanstrom, 1928). Amongst myriapods the eyes have remained mere 
aggregates of ocelli, and only in the swiftly moving Scutigera have large com- 
pound eyes developed. In insects the conversion of these aggregates of ocelli 
into compound eyes, with their enhanced resolving power, is almost certainly 
correlated with their greater freedom and speed of movement. 

In thus deriving the Myriapoda directly from some ancient terrestrial 
Peripatus - like ancestor, and excluding from the line of descent the great 
Trilobite-Crustacean-Arachnid branch of the phylum, it is possible, though 
not inevitable, that we are committed to a polyphyletic origin of the Arthro- 
poda. Many years ago this very question was discussed by a group of writers, 
with singular lack of unanimity (see Hutton and others, 1897); yet so dis- 
tinguished a student of arthropod morphology as Lankester could still 
declare (1904) that it was ‘impossible to conceive of them as having a poly- 
phyletic origin . That the development of heavy plating in the outer chitin, 
necessitating the production of segmented appendages and of striated muscle, 
might arise repeatedly as a specialization in soft-bodied annelids, could be 

conceded; but there are other basic features of arthropod structure the 

haemocoele and ostiate heart, the appendicular jaws, and the cephalization 
of segments— for which this might less readily be granted, and these features 
are all displayed, in some measure, by Peripatus. A haemocoele is, however, 
not a unique character restricted to arthropods, for it is encountered also 
in Mollusca and in some annelids, and the jaws of arthropods are gnatho- 
bases, while those of Peripatus are enlarged claws, and ‘the whole musculature 
and movement of the jaws . . . contrasts absolutely with the Myriapoda, Crus- 
tacea and Insecta’ (Manton, 1937). It is therefore possible that, if the fossil 
record ever discloses the ancestry of Crustacea and Trilobita, it may reveal 
a descent from annelid ancestors quite unlike the Onychophora. The enor- 
mous assemblage of animals embraced by Cuvier’s Articulata will then 
comprise a single phylum, distinguished from the other phyla by its own 
peculiar plan of organization ; and within this great phylum there will have 
arisen, by specialization, and with much convergence, two separate lines of 
descent, of which one is constituted by the Crustacea, Trilobita, and Arach- 
nida, the other by the Myriapoda and Insecta. 

Summary 

1. The minute egg is heavily yolked, and is devoid of periplasm or vitelline 
membrane. Shortly before laying, the germinal vesicle phase gives way to 
one in which the chromosomes reappear as thirteen ‘tetrads’ in a central 
clump of cytoplasm. The latter moves to the periphery, and in this first 
meiotic prophase the egg is laid. The ‘polar bodies’ do not separate from the 
egg. In most eggs they degenerate very rapidly. Male and female pro-nuclei 
fuse in the centre of the egg to form a resting nucleus. 

2. Cleavage is total and unsynchronized, the cleavage-cells becoming 
arranged as yolk-pyramids around a central blastocoele. This blastula per- 
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gists up to about the eighty-cell stage, when a gastrula is formed by migration 
of one, or at most two cells, from the layer of yolk-pyramids into the blasto- 
coele to form the endoderm. 

3. The gastrula is succeeded by a blastoderm of the familiar myriapod- 
insect type ; the cleavage nuclei, except those of the endoderm, move into the 
peripheral layer of accumulating cytoplasm, while the internal cell-partitions 
break down. Total cleavage is thereby replaced by a superficial cleavage 
within the blastoderm. A blastodermic cuticle is secreted. 

4. Out of the blastoderm there now differentiates the germ-band; it is of 
the usual elongate myriapod type, and extends over the anterior and posterior 
poles of the egg on to its upper half. At no time does a ventral flexure form. 
The rest of the blastoderm becomes much thinned out and is a provisional 
body-wall. 

5. From the inner surface of the blastoderm isolated cells with enlarging 
nuclei have meantime migrated as yolk-cells into the yolk; from them will 
eventually form the fat-body of the larva. 

6. During the development of the germ-band the latter becomes the source 
of the developing mesoderm, cells separating from it in great numbers along 
its length, and so coming to form a second, and at first very irregular layer, 
internal to the ectoderm. 

7. The early developmental processes are of the usual myriapod type, 
except for the presence of an easily recognized gastrula. The survival of the 
latter is of importance for the interpretation of the specialized myriapod- 
insect type of ontogeny ; in particular, the blastoderm phase is found to be 
a post-gastrula stage, and not a blastula as commonly believed. 

8. Stomodaeum and proctodaeum are the ‘first structures to appear in 
the germ-band. The formation of the head-lobes soon follows. Then the 
Anlagen of the antennae arise, being at first post-oral in position; and after 
them appear the Anlagen of the mandibles and maxillae. The premandibular 
segment does not bear even the rudiments of appendages. The segment 
behind the maxillary segment is the collum segment, without appendage- 
Anlagen, and it remains part of the abdomen ; there is, therefore, no second 
maxillary segment. The Anlagen of the first, second, and third legs then 
appear in succession. Intersegmental lines form only in the advanced 
embryo; when these eventually appear, they reveal two segments behind 
the fourth abdominal (third leg-bearing), namely the fifth abdominal and anal 
segments. The fifth segment of the embryo becomes the fifth of the adult 
animal, so that the teloblastic formation of new segments must proceed 
by the budding off of new segments from the stationary anal segment. 

9. The embryo now slowly swells, presumably owing to absorption of 
water, and so outgrows the available space within the egg. A gradually 
enlarging rent appears in the egg-shell, and after several days the embryo 
emerges from it in a quiescent ‘pupoid* phase. Unlike the pupa of other 
myriapods, it shows but little resemblance to the future larva. Within the 
pupa the first teloblastic segment (sixth abdominal) appears. 
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10. The development of the abdominal segments, both in the embryo and 
in the pupa and larva, shows that there are no ‘diplosegments’ in Pauropus \ 
the tergites are derivatives of simple segments, and the apparent ‘diplopody’ 
arises from the presence of a wedge-shaped segment, with reduced tergal 
wall, behind the tergite-bearing segments. 

11. The differentiation of the head-capsule out of the primitive head- 
segments is attended by the familiar inturning of the sternal wall of the post- 
oral segments to form the floor of the pre-oral cavity; and by the curving 
forward of the more lateral parts of the segments towards the front of the 
head. The antennae are thereby carried into a completely pre-oral position. 
The pre-mandibular epidermis becomes rolled under to form the roof of the 
pre-oral cavity (inferior surface of clypeus). 

12. The head is composed of a procephalon, in which pre-antennary, 
antennary, and pre-mandibular segments are represented ; and of a gnatho- 
cephalon, consisting of only two segments, the mandibular and maxillary. 
Superlinguae, derived from the mandibular epidermis, are present. The 
mandibles are closed in by the inturned margins of the clypeus; they are 
unsegmented and adapted to a diet of semi-fluid food. The maxillae display 
a cardo, a stipes, and a lacinia. Between them is the intermaxillary plate 
(sternite of maxillary segment). 

13. At no time does the germ-band display a ventral flexure. Embryonic 
membranes are absent. An embryonic ‘dorsal organ’ appears, but it is not 
of the type found in Symphyla, Collembola, and Campodea. 

14. In the early germ-band the mesoderm tends to aggregate laterally 
into two bands of cells, from which the succession of somites arises. Al- 
though many of the somites soon display very small coelomic cavities, they 
remain poorly developed, and coelomoducts do not appear. Since there are no 
blood-vessels in Pauropus , they do not contain any vasoblasts ; they are, more- 
over, quite unique in that they do not even contribute any mesoderm to the 
mid-gut wall, the splanchnic mesoderm arising entirely from the mesoderm 
of the stomodaeum. Nor do they participate in the formation of the genital 
rudiment. The dorso-lateral muscles also are not derived from the somites. 

15. Between the rows of somites is a layer of unsegmented ‘median meso- 
derm’ ; out of it develops the genital tube, as well as a median band of neuro- 
glia ( ?) tissue in the nerve-cord. 

16. Although the somites are diminutive, a complete set is present. They 
are the pre-antennary (vestigial), antennary, pre-mandibular, mandibular, 
maxillary, collum, second, third, and fourth abdominal somites; a fifth 
abdominal and very small anal somite form in the more advanced embryo. 
In addition to these there is also a small clump of ‘teloblastic mesoderm’ 
arising in the late embryo from the mesoderm that is heaped up in front of 
the proctodaeum ; from it is generated the mesoderm of the larva. 

17. From the pre-antennary somite arise the buccal dilator muscles; from 
the antennary and mandibular somites arise the muscles of the antennae and 
mandibles respectively. 
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1 8. From the pre-mandibular somite arises the large pre-mandibular 
gland; it opens to the side of the mandibles and is evidently a salivary gland. 
Its duct seems to be of ectodermal origin. There is no associated ‘end-sac . 
In Symphyla a pre-mandibular gland is present up to the time the larva 
leaves the egg, when it degenerates, leaving only its nephrocytes; in Pauropus 
alone among myriapods is it known to survive, though vestiges of it are 
found both in chilopods (‘lymphoid tissue’) and insects (sub-oesophageal 
bodies). 

19. From the maxillary somite there develops, in addition to the muscles 
of the maxilla, the maxillary gland. The latter has an ‘end-sac’, which dis- 
plays nephrocytic action to trypan blue injected into the blood. 

20. The somites of the collum and other abdominal segments, as well as 
the anal segment, give origin to nothing but myoblasts from which most 
of the muscles of the respective segments develop. 

21. In addition to the glands already referred to, there are present: (a) 
clypeal glands,, that arise from the epidermis of the clypeus; ( h ) pseudocular 
glands, lying adjacent to the pseudoculi, and derived from the epithelium 
of the latter; (ej large intermaxillary glands, derived from the maxillary 
sternum. 

22. The mid-gut epithelium is formed from the endoderm of the gastrula, 
the cells gradually losing their yolk and slowly increasing in number. The 
mesoderm of the mid-gut is derived from the mesoderm that is heaped up 
along the stomodaeum, whence it spreads back as an arching roof to the 
endoderm, the immediately underlying cells of which become arranged into 
an epithelium, within which excretory concretions, similar to those of the 
adult mid-gut, soon appear. The floor of the mid-gut remains for long free 
from any mesoderm; from it develops a ventral band of enlarged mid-gut 
cells, permanently free from excretory concretions. The hindermost tip of 
the mid-gut is of proctodaeal origin. The lumen of the mid-gut does not 
communicate with those of the stomodaeum and proctodaeum till shortly 
before the larva emerges. 

23. The two Malpighian tubes arise from the anterior tip of the procto- 
daeum; they do not seem to be functional excretory tubes, since in the 
growing larva they begin to display a markedly degenerate character. 

24. The genital rudiment does not arise out of the somites, but from the 
‘median mesoderm’ of the fifth abdominal segment, i.e. from the vestige 
of the mesoderm that remains in front of the proctodaeum after the fifth 
somites and teloblastic mesoderm have separated from it. Embedded in it 
is a single primordial germ-cell. A string of cells spreads forward from this 
mesoderm along the roof of the nerve-cord into the third abdominal segment-, 
thus forming the genital rudiment. 

25. The fat-body does not develop out of the somites, as in insects and 
chilopods, but out of the embryonic yolk-cells, as in Symphyla. It is phago- 
cytic towards injected Indian ink. The haemocoele arises from spaces left 
by shrinkage and withdrawal of fat-body. 
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26. The ganglia of the nerve-cord develop in association with ‘ventral 
organs*, of which there is a single pair in each segment, except the anal 
segment. In the abdominal segments the ‘ventral organs* become incor- 
porated into the ganglia. T he ‘median mesoderm* plays an unusual role, in 
that it gives origin to a median band of neuroglia ( ?) cells, within the chain 
of ganglia; there is no incorporation of ‘median cord* ectoderm into the 
ganglia. 

27. The ventral nerve-cord of the embryo comprises a mandibular and 
maxillary ganglion (fused into one), followed, in the abdomen, by the,ganglia 
of the collum, second, third, and fourth abdominal (leg-bearing) segments, 
fifth segment, and a vestigial anal ganglion. The ganglion of the fifth, or 
penultimate segment, is in reality a teloblastic ganglion, which enlarges, and 
from which the fifth ganglion proper is separated off in the pupa, the rest 
remaining as teloblastic ganglion, from which, in the larva, the sixth and 
remaining ganglia in turn arise. 

28. The brain develops out of: (a) a trilobed protocerebral Anlage, whose 
posterior lobes invaginate below the surface, but whose lateral and frontal 
lobes do not invaginate but display ‘ventral organ’ cell-disposition ; (b) a pair 
of diminutive pre-antennary ( ?) ganglia, which give origin to a definite part 
of the brain between the protocerebrum and deutocerebrum ; (c) a pair of 
antennary ganglia, from which the deutocerebrum will arise; (d) a pair 
of pre-mandibular ganglia, from which will form the tritocerebruir. The last 
three all develop in association with ‘ventral organs*. 

29. A detailed account of the morphology of the brain and of the cerebral 
nerves is given. 

30. The visceral nervous system consists of : (<2) a frontal ganglion, derived 
from the roof of the oesophagus ; ( b ) a pair of ‘oesophageal ganglia* ( ?), which 
develop in a most unexpected way, for they arise from the inner ends of the 
mandibular apodemes; (c) a stomachic ganglion, formed from the hinder end 
of the oesophagus; (d) a ‘caudal’ visceral ganglion, which is apparently the 
hind end of the last abdominal ganglion. 

31. The structure and development of certain epidermal organs (tricho- 
bothria, basal antennal sense organs, pseudoculi) is described. The supposed 
vestigial appendages of the collum segment are not appendages at all, but 
seem to be related to exsertile vesicles; they develop from vestiges of the 
‘ventral organs* of the collum segment. The hypopharyngeal apophyses are 
epidermal ingrowths that arise a little in front of, and median to, the mandibles. 

32. The greater part of the muscular system is derived from cells that are 
set free by the break-down of the somites. The dorsal longitudinal muscles 
are exceptional. 

33. Four larval instars precede the adult animal, with 9 leg-pairs. These 
instars have 3, 5, 6, and 8 leg-pairs respectively. The adult animal does not 
moult. 

34. The new segments arise by proliferation of epidermal cells within the 
anal segment. 
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35. The mesoderm of the growing zone is generated entirely from the 
‘teloblastic mesoderm’, located in the anal segment, successive clumps of 
mesoderm being allotted to the new segments as these successively develop. 
The ventral longitudinal muscles always develop precociously. Somites do 
not form in the mesoderm of the new segments. 

36. There is no periodic renovation of mid-gut epithelium in the growing 
larva, such as is encountered frequently in insects; nevertheless there is 
considerable cell-proliferation, both in the mid-gut and in the fore- and hind- 
gut. The Malpighian tubes gradually degenerate, but do not disappear. 

37. The fat-body of the larva is supplemented by new fat-body that 
develops unexpectedly from the epidermis. 

38. In the newly emerged larva the genital rudiment, still sexually indeter- 
minate, consists of a narrow string of cells lying between the intestine and 
the nerve-cord, and extending forward just into the third abdominal segment. 
Posteriorly it merges with the ‘median mesoderm’ of the growing zone. Its 
further development in the larva involves (<2) slow multiplication of the pri- 
mordial germ-cells located at its hinder end ; ( b ) posterior elongation of the 
genital rudiment at the expense of ‘median mesoderm’ cells in the growing 
zone ; (c) thickening of the anterior part of the genital tube. The exit ducts 
arise as a pair of epidermal ingrowths just behind the second legs, which 
grow round the nerve-cord and join the anterior tip of the genital rudiment. 
In the female one only survives, and forms the oviduct and receptaculum 
seminis; in the male both are retained as ejaculatory ducts. The ovary 
remains in its primitive position below the intestine, the oocytes arising from 
laterally placed germ-cells in the median germarium ; the anterior end of the 
original genital rudiment survives in the female as the ‘ductus glandularis’. 
In the male the gonad- Anlage bends up dorsally to either side of the mid-gut, 
and divides into four testes ; the anterior end of the genital rudiment then 
splits longitudinally into the four vesiculae seminales. In fourth instar larvae 
the reproductive organs are often almost mature, but there is no evidence 
for precocious sexual functioning. 

39. The classification of Myriapoda into Progoneata and Opisthogoneata 
does not seem to reflect the real affinities of the component groups, and in 
particular it fails badly for the Symphyla which are undoubtedly closely 
related to the Insecta. In Pauropoda and Symphyla the exit ducts from the 
gonads are not surviving coelomoducts, as assumed, but epidermal ingrowths, 
new gonopores having apparently arisen, in adaptation to anamorphosis, 
remote from the zone of growth. A new classification is proposed, based on 
the degree of cephalization and specialization of originally abdominal seg- 
ments : the lowest grade of surviving myriapods are the Dignatha (Pauropoda 
and probably Diplopoda) ; the Chilopoda, Symphyla, Collembola, and In- 
secta are Trignatha, and of these the Symphyla, Collembola, and Insecta 
are united as Labiata by the common possession of a labium. The Myria- 
poda seem to have arisen, independently of the other great groups of Arthro- 
poda, from some ancient stock of Peripatus - like ancestors. 
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DESCRIPTION OF PLATES 
Plate X 

Fig. 1 16, A and B. Drawings of two immediately adjacent sections (a the more anterior) from 
an embryo a little more advanced than that shown in the previous figure ; in A only part of the 
section is drawn. The plane of section is only approximately frontal, the right half being 
a little posterior to the left. 

A. The section shows the neuropilem passing between protocerebrum, deutocerebrum, 
and tritocerebrum and mandibular ganglion ; note the pre-antennary ganglion lying median 
to the neuropilem. Below the oesophagus the inferior tritocerebral commissure has formed. 
Between the tritocerebrum and mandibular ganglion the hypopharyngeal apophysis may be 
seen, from which a string of cells is growing up along the side of the brain (ascending arm of 
apophysis). To the right side of the mandibular ganglion is the transected hind end of the 
mandibular apodeme. 

B. On the left the section passes along the mandibular apodeme ; on the right the hindermost 
end of the apodeme is seen. A continuous band of cells now unites them, and out of this will 
form the oesophageal ganglia. The deutocerebrum and a fragment of the tritocerebrum 
intrude from in front into the section. The protocerebral commissure is forming. The 
hindermost ends of the hypopharyngeal apophyses appear in the section ; they have become 
connected with mesoderm from the oesophagus, thereby initiating the formation of the 
oesophageal dilator muscles. On the left side is seen part of the pre-mandibular gland. X 780. 

Fig. 1 17. Drawing of a section approximately similar to that shown in Fig. ii6b, but 
from a still later embryo. The section is taken a little anterior to the protocerebral commissure, 
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and shows the developing septal (pre-antennary) ganglia, with the epidermal septum growipg 
down between them. The oesophageal ganglia are now becoming recognizable, but are still 
connected with the tips of the mandibular apodemes. A connexion has been established 
between the hypopharyngeal apophyses and the mandibular apodemes (median ligament of 
latter). A portion of the maxillary gland with end-sac is present in the section. The two 
round clumps of cells just median to the hypopharyngeal apophyses are fragments of trito- 
cerebrum that intrude from in front into the section (cf. Fig. 1 16 b), and must not be confused 
with the oesophageal ganglia. X 780. 

Fig. 1 18. Drawing of part of a section through anterior end of a very advanced embryo, 
to show the oesophageal ganglia. The latter have become completely detached from the 
mandibular apodemes (present in the immediately preceding section), but have not yet 
become associated with the oesophagus, x 780. 

Fig. 119. Approximately ‘horizontal’ section through head of a young pupa. The asym- 
metry of the section is illustrated by the difference in the mandibles, and the almost complete 
absence of clypeal fold on the left. This asymmetry has the advantage of bringing out the 
configuration of the hypopharyngeal apophyses ; on the right side the base of the developing 
right apophysis is seen, while on the left is seen its more distal end curving round the trito- 
cerebral ganglion and thereby making connexion with the developing oesophageal dilator 
muscle. In the premandibular gland a distinction between the two kinds of nuclei has become 
apparent, but the backward movement of the gland has not yet begun; nor has the duct 
started to form. X 780. 

Fig. 120. ‘Horizontal’ section through head-end of a 2-day pupa, to show hypopharyngeal 
apophyses and related structures. Fusion of right and left apophyses has taken place under 
the oesophagus. In the pre-oral cavity the future suspensorium for the hypopharyngeal 
apophyses has become defined. The pre-mandibular gland is in process of moving backward 
into the abdomen. X 780. 

Fig. 12 1. Fragment of a ‘horizontal’ section along head of a young pupa, to show develop- 
ing left pre-mandibular gland. The position of the fragment will at once be understood by 
reference to Fig. 119 or 120. The mandibular apodeme is not present in this section, but the 
section passes exactly along the epidermal attachment of the gland (indicated by x). X 780. 

Fig. 122. Similar section, from right side of head of a more advanced pupa, to show pre- 
mandibular gland in a later phase of development, and with its duct in course of formation. 
X 780. 

Fig. 123. Fragment of a section cut ‘horizontally’ through head of a young pupa, showing 
epidermal attachment (#) of the maxillary gland. The section grazes the anterior surface of the 
left maxilla, and passes just under the mandible, which is therefore not present in the section. 
The rounded clump of cells to the right of the maxillary gland is a fragment of the mandi- 
bular apodeme, which intrudes from above into the section. Note also the developing inter- 
maxillary glands. X 650. 

Fig. 124. Approximately similar section, from an advanced pupa; the orientation is not 
exactly the same, for the maxilla is not present, while the base of the mandible intrudes from 
above into the section. Note the developing exit duct of the maxillary gland. The maxillary 
gland has receded into the collum segment. X 650. 

Fig. 125, A and B. Two immediately adjacent sections, cut transversely through the hinder- 
most segments of a young pupa, to show the disposition of the teloblastic mesoderm. The 
sections are from a ‘horizontally’ cut pupa (for orientation cf. Text-fig. 9). Section B is 
‘above’, i.e. morphologically posterior to A, and is taken just in front of the anal opening. In 
section a the last ‘ventral organ’ is seen on the right side ; on the left the section is a little to 
the rear of it, i.e. it must transect the anal segment itself. In b the section is entirely through 
the anal segment. In both sections the roof of the fifth abdominal segment is necessarily 
present in the section. X 780. 

Fig. 126. Section through developing sixth abdominal segment of a late pupa; the section 
is taken at the same level as that shown in Fig. 125 A (right side), the latter section being from 
an early pupa. Note that the ganglion has begun to enlarge, and that mesoderm cells have 
spread down the lateral wall of the enlarging ganglion. The small clump of mesoderm cells 
along the upper margin of the ganglion is the first recognizable sign of the sixth ventral 
longitudinal muscle. X 780. 

Fig. 127. Transverse section through sixth abdominal segment of a very young first instar 
larva. The drawing is to be compared with Figs. 125 A and 126. Reserve products have not 
yet appeared in the fat-body. X 780. 
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Fig. 128. Similar section, but from an advanced first instar larva (cf. Fig. 35). The fifth 
leg is now developing. Note that the epidermis of the body-wall has grown in thickness, and 
that along the dorsal surface some of the cells are enlarging, thereby giving the first indication 
of the development of secondary fat-body. In the old fat-body reserves have appeared in 
quantity. X 780. 

Fig. 129. Section through hinder tip of a young pupa, to show the teloblastic mesoderm. 
Owing to the fact that the hinder end of the pupa curves upward (cf. Text-fig. 9), the section, 
whilst transecting the anal segment, must necessarily pass ‘horizontally’ along the fifth seg- 
ment. The fifth and teloblastic ganglia, not yet delimited from one another, are therefore 
cut horizontally, and below this even the hinder tip of the fourth ganglion enters the section. 
Fragments of the last pair of legs are present. Note also developing fifth ventral longitudinal 
muscle. X 780. 

Fig. 130. Portion of a section through hind end of an advanced pupa. The orientation 
is about the same as in the previous figure, but development is more advanced. The terminal 
ganglion has much enlarged, and the fifth abdominal ganglion has partially separated from it. 
Note, in the anal segment, that the Anlage of the sixth ventral longitudinal muscle has now 
appeared, behind that of the fifth, having separated away from the clump of teloblastic 
mesoderm, x 780. 

Fig. 13 1. Transverse section through anal segment of a newly emerged larva, to show 
teloblastic mesoderm. X 780. 

Fig. 132. Similar section, from a later first instar larva. Note pronounced thickening of epider- 
mis, and enlargement of teloblastic mesoderm. Note developing third trichobothrium. X 780. 

Fig- I 33 - Entire Malpighian tube, from a late pupa. X 780. 

Fig. 134. The same, from a late first instar larva. X780. 

Eig. 135. The same, from an advanced second instar larva; a fragment of intestine is 
included at left end of drawing. Note mitosis in one of the cells at base of tube. X 780. 

Fig. 136. Transverse section through roof of fifth abdominal segment of an advanced 
first instar larva, to show an early phase in development of secondary fat-body from the 
epidermis. X 650. 

Fig. 137. Section through roof of one of the hinder segments of a third instar larva, showing 
development of secondary fat-body from epidermis. The new fat-body is completely closed 
in above by renovated epidermis. N.B. : this is not a later phase in the development of the 
part shown in the previous figure, but is from a wholly new part of the larva. X 650. 

Fig. 138. Sagittal section of hinder half of a second instar larva. The genital rudiment, 
with primordial germ-cells located in the sixth abdominal segment, is still in the sexually 
indifferent condition ; the future genital tube is in process of thickening, and is also under- 
going terminal elongation at the expense of median mesoderm cells in the growing zone. 
In the hind-gut note mitosis (indicated by x) in one of its epithelial cells. Secondary fat-body 
is developing, especially along the tergal body-wall. X 385. 

Plate XI 

Fig. 139. Portion of a ‘horizontal’ section of a pupa, to show the genital rudiment. The 
section passes along the roof of the nerve-cord, and extends from the fifth segment into the 
hinder end of the third, and therefore includes the genital rudiment for its entire length. 
Note that behind the primordial germ-cell the genital rudiment merges with the median 
mesoderm of the growing zone. X 780. 

Fig. 140. Section through floor of third abdominal segment of a late first instar larva, 
showing ingrowing cords of epidermal cells, from which will develop the exit-ducts of the 
gonads. X 780. 

Fig. 14 1. Similar section from a late second instar larva, showing enlargement of the 
developing exit-ducts from the gonads. The section is from a larva in which the gonads are 
already recognizable as male (Fig. 145 is from the same larva). X 650. 

Fig. 142. Similar section, from an advanced fourth instar male larva, showing differentia- 
tion of the genital ducts. The section is not truly transverse, the left side being a little pos- 
terior to the right. Note differentiation of the glandular and anterior portion of ejaculatory 
ducts. X 650. 

Fig. 143. Similar section, from fourth instar female larva, showing degeneration of the 
left epidermal exit duct, and enlargement of the right duct. Note initial phase in develop- 
ment of receptaculum seminis. X 650. 
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Fig. 144. Similar section, from a more advanced fourth instar female larva, showing 
enlargement of the right exit duct (oviduct), formation of receptaculum seminis, and complete 
disappearance of left exit duct. X 650. 

Fig. 145. Transverse section through second instar male larva, taken at the level of the 
developing hinder pair of testes; cf. Text-fig. 29 a (Fig. 141 is from the same larva). It shows 
a very early phase in the differentiation of the testes. Note also the distinction between 
original and secondary fat-body. X 650. 

Fig. 146, A, b, c. Three sections through a third instar male larva, to show a more advanced 
phase in the differentiation of the testes. The gonads of this larva are shown diagrammatically 
in Text-fig. 29 b. . . 

Fig. A, which represents an almost complete transverse section through the sixth abdominal 
segment, shows the developing anterior two testes bending dorsally round the mid-gut. 
In Fig. c, which is taken through the seventh segment, we see the third and fourth testes, 
only the relevant part of the section having been drawn. In Fig. b, which is a little behind a, 
and in which again only the relevant fragment has been drawn, we see the narrow strip of 
genital tube connecting the anterior and posterior pairs of testes. In a and c two cells in 
meiotic prophase (indicated by x ) are present. In b the section passes through the bases of 
the Malpighian tubes ; in c. it is well behind them. X 650. 

Fig. 147. Section through the upper half of a fourth instar larva, showing later phase in 
differentiation of testes. The two vasa deferentia are those of the hinder pair of testes. X 650. 

Fig. 148. Fragment of a transverse section through the fifth segment of a fourth instar 
larva, showing splitting of the widened genital tube into the four vesiculae seminales. The 
section is taken exactly at the point of splitting, which is progressing from behind forwards. 
X 650. 

Fig. 149. Similar section from a more advanced fourth instar larva, showing enlargement 
of the four vesiculae. X 650. 

Fig. 150. One of the hinder testes of an advanced fourth instar larva, cut in sagittal section, 
and showing spermatogenesis. X 540. 

Fig. 15 1. Transverse section through genital rudiment of a third instar larva, showing the 
earliest recognizable phase of differentiation of an ovary. Note, on the left, three meiotic 
prophases. X 780. 

Fig. 152. Similar section, from a more advanced third instar larva; prophases of meiosis 
numerous; follicle cells now present in ovary. X780. 

Fig. 153. Entire ovary and proximal end of genital tube, from a ‘horizontally cut third 
instar larva. In the ovary we see the first enlarging oocytes. X 780. 

Fig. 1 54. Transverse section through an ovary of a fourth instar larva ; enlarging oocytes 
at the side ; germarium in the middle. X 780. 

Fig. 155. Parasagittal section along floor of abdomen of a fourth instar female larva, to 
show condition of the developing reproductive organs. The genital tube is evidently rather 
asymmetrically placed, for it is contained for its entire length in a section that simultaneously 
grazes the lateral walls of the chain of nerve-ganglia. On the extreme left is seen the epidermal 
exit duct, whose connexion with the epidermis, however, lies medial to the section. Then 
follows the genital tube, with the reproductive cells confined to the sixth and seventh seg- 
ments. X385. 

The abbreviations used in the Plates are given on pp. 266-7 of Part 1 of this paper {Quart. 
J. rntcr. Sci. } vol. 88, part 2 (1947)). 




























The Phylogeny of the Stomach-Infusorians of Ruminants 
in the Light of palaeontological and parasitological Data 

BY 

V. DOGIEL 

( From the Zoological Laboratory of Leningrad University) 

With one Text-figure 

I T is a well-established fact that very often the evolution of different groups 
of parasites progresses on parallel lines with that of their hosts. Only the 
rate of evolution in the parasites is slower than that of their hosts. While the 
original hosts of some parasites have time to split into different genera, their 
parasites hardly diverge so far as to form different species, &c. Very nice 
cases of such parallel evolution are shown by the lice of man and monkeys, 
by the nematode Oesophagostomum of the same hosts, by some Oestridae of 
Perissodactyla, &c. In the course of our investigations on a family of en do- 
parasitic Infusorians, the Ophryoscolecidae, we seem to have met with an 
especially brilliant case of the same order, which we mean to elucidate in our 
paper (Dogiel, 1925 et seq.). 

Infusorians inhabiting the stomach of Ruminants form one of the most 
interesting groups of Protozoa. They belong to the family Ophryoscolecidae 
and dwell in the rumen and reticulum of their hosts. The mode of infection 
is by direct contact (licking, &c.) ; cysts are unknown. Ophryoscolecidae were 
found in all the Ruminants investigated for them : Camelus , Tragulus , different 
Cervidae, many kinds of antelopes, Rupicapra, goats, sheep, wild and domes- 
tic cattle — all of them contain Ophryoscolecidae. The family consists of 10 
genera and about a hundred species. 

The general morphology of Ophryoscolecidae shows a great uniformity 
which indicates a monophyletic origin of the family. This assumption is 
furthermore confirmed by the fact that different genera of Ophryoscolecidae 
may be veiy easily arranged in a gradually ascending line of progressive evolu- 
tion, illustrated by several systems of organelles. In this way the ciliary 
apparatus, originally consisting of a simple adoral Zone, becomes completed 
by another, dorsal Zone; the number of contractile vacuoles gradually in- 
creases; skeletal plates, primarily wanting, later appear and increase in 
number and size; the posterior end of the body gradually develops a more 
and more complex array of caudal spines. 

On the first step of this evolutionary ladder has remained the genus Ento- 
dinium: a simple adoral Zone of membranelles, one contractile vacuole, no 
skeletal plates, and weakly developed caudal spines are the characteristics of 
this genus. 

[Q.J.M.S., Vol. 88, Third Series, No. 3] 
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The second stage of evolution is occupied by the genus Anoplodinium > 
possessing 2 ciliary Zones, 2 vacuoles, but lacking the skeletal plates; the 
caudal spines are slightly more developed than in Entodinium . 

The third grade of morphological evolution is reached by the genus Eudi- 
plodinium possessing 2 ciliary Zones, 2 vacuoles, 1-2 narrow skeletal plates, 
and a scanty caudal armature. 

The fourth link of our morphological chain includes the genera Epidtnium , 
Ostracodinium , and Opisthotrichum ; they exhibit 2 ciliary Zones, 2-4 vacuoles, 
1-3 broad skeletal plates covering the best part of the right side of the body, 
and well-developed caudal spines. 

The fifth and last stage of evolution is represented by Polyplastron y Calo- 
scolex , and especially by Ophryoscolex. These genera possess 2 ciliary Zones, 
a large number of vacuoles (7-15), often arranged in 1 or 2 transverse rows, 
a highly developed skeleton consisting of 3-5 plates; the caudal spines reach 
in the genus Ophryoscolex their strongest development, forming from 2 to 4 
concentric crowns. 

An analysis of distribution of different species and genera of Ophryosco- 
lecidae can give us a good idea of the evolution of this family in those branches 
of the Ruminants which have been sufficiently well examined by protistolo- 
gists. These branches are : the family Camelidae ( Camelus ) in the suborder 
Tylopoda, and families Cervidae and Bovidae (cattle, sheep, goats, and ante- 
lopes) in the suborder Pecora. The infusorians of Tragulidae, Antilocapridae, 
and Giraffidae remain as yet unknown. There exists a small paper by Pringle 
Jameson (1925) on Ophryoscolecidae of Tragulus meminna , but the figures and 
descriptions are of such a faulty nature as not to be of much use. 

Let us now build up a phylogenetic tree of the Ruminants in question, 
using the well-known treatise of A. S. Romer on Vertebrate Palaeontology , so 
as to see more clearly the points of divergence of different smaller systematic 
units and the periods when such divergence has taken place. Further- 
more, let us apply to the same phylogenetic tree the extant data on the distribu- 
tion of Ophryoscolecidae in different Ruminants and consider the results. In 
doing so we must lay especial stress on the species and genera of infusorians 
strictly limited to certain groups of hosts. 

Beginning with the Camelidae we ascertain that the genus Camelus possesses 
1 unique genus ( Caloscolex ) and 2 unique species ( Entodinium ovum-rajae and 
Anoplodinium cameli) of Ophryoscolecidae. Other representatives of both the 
last genera are distributed among all the families and smaller systematic 
groups of the suborder Pecora, while the genus Caloscolex , with its unique 
species camelinus , is restricted to Camelus as its only host. 

Two deductions seem to follow. The genera Entodinium and Anoplodinium , 
which exhibit one or more forms specific to every group of Ruminants in- 
spected, must have arisen before the time when a divergence of Ruminants into 
Tylopoda and Pecora had taken place, that is, during the Eocene (see Text- 
fig. 1). It is interesting to note that such an assumption agrees perfectly with 
the primitive character of both genera (first and second stages of our morpho- 
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logical ladder of Ophryoscolecidae). On the other hand the genus Caloscolex 
must be of later descent, as we shall presently show. 

In the suborder Pecora we encounter two genera, Eudiplodinium and 
Epidinium , with numerous species, some of which are specific for Cervidae, 
other for Bovidae. An obvious inference therefrom is that these genera must 
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have developed before the divergence of Cervidae and Bovidae was accom- 
plished, that is, in the Oligocene. 

The genus Ostracodinium is represented by some specific forms in all the 
subdivisions of Bovidae, but has no species specific for Cervidae. Evidently 
this genus has arisen after Cervidae and Bovidae became separated, but before 
the latter branch split into Antilopinae and Bovinae; Miocene must be the 
time in question. 

Following the same line of thought we find that the genus Opisthotrichum 
occurs in several antelopes ( Bubalis cokei , B. lichtensteini y Madoqua sp.) only, 
while the genera Polyplastron and Ophryoscolex are characteristic of Bovinae 
(cattle, sheep, and goats). Therefore, the differentiation of these genera has 
taken place after antelopes and Bovinae became separated, i.e. at the end of 
the Miocene or the beginning of the Pliocene. A very late appearance of these 
three genera corresponds exceptionally well with their high grade of organiza- 
tion — they belong to the fourth and fifth stages of our morphological ladder. 

2421.3 A a 
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The genus Cedoscolex , found in Camelidae, has reached approximately the 
same level of morphological evolution as Ophryoscolex. That tempts one to 
make the supposition that Caloscolex may have arisen at the same period as 
its counterpart in the Bovinae. This agrees with the phylogenetic tree of 
Ruminants, which indicates that the genus Camelus (the host of Caloscolex) 
appeared in the Pliocene. 

If we follow up the line of the Bovinae we find that the genus Ophryoscolex, 
produced species (O. purkinjei) to be found only in cattle, while other species 
are characteristic of sheep and goats (O. caudatus). The appearance of these 
species must be attributed to the end of the Pliocene or even to the Pleistocene 
(see the phylogenetic scheme). 

To the same period may be traced the origin of many other species of 
different genera which are strictly specific for certain species of Pecora only. 
Such are, for instance, Entodinium anteronucleatum and Anoplodtnium rangi- 
feri of the reindeer, Entodinium ovinum , E. car ax, Anoplodinium crista-galli 
of sheep and goats, and many different species of infusorians from cattle. All 
of them appear to have been produced in the Pleistocene. 

So far we have been arguing about species strictly host-specific. But there 
are many species of Ophryoscolecidae inhabiting the stomach of different 
Ruminantia without any discrimination. Thus, for instance, many common 
species are to be found in all the domestic Ruminants ; some are common to the 
Bovinae and certain antelopes, while a few may even be encountered in all the 
groups of Pecora ( Ostracodinium triloricatum). Such a wide distribution of cer- 
tain species may be explained in the majority of cases by a secondary exchange 
of parasitic faunas between different hosts. Such an exchange is especially 
likely between different species of domestic Ungulates living in close contact. 
Sometimes certain indirect evidence may point to the real primary host of 
such species (Dogiel, 1927): Ostracodinium triloricatum is primarily a parasite 
of sheep and goat species, as are also Entodinium vorax and Eudiplodinium affine , 
&c. In other cases the primary host remains undiscoverable. Such species 
we leave undiscussed but they do not vitiate the general course of our idea. 

The morphological evolution of Ophryoscolecidae, as traced above, may 
lead to some conclusions on the physiological evolution of this family. Genera 
exhibiting a simple general structure are, at the same time, the most ancient 
ones. These forms (. Entodinium and Anoplodinium) have no skeletal plates and 
in this respect resemble the great majority of free-living Infusorians. Ento- 
dinium is more primitive than Anoplodinium , being not only of a more simple 
structure, but also of smaller dimensions. Indeed, the dimensions of Ophryo- 
scolecidae, generally speaking, increase in the course of their evolution. 

The food of Entodinim> instead of coarse and large grass-particles and 
splinters of cellulose, consists of spores of fungi, small starch-granules, 
bacteria, &c. Therefore we may conclude that the ancestors of present 
Ophryoscolecidae, which for the first time penetrated the stomach of Rumi- 
nants, took no part in the assimilation of cellulose in the stomach of their hosts. 
They were fresh-water Infusorians living close to the shore in shallow parts 
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of lakes and in water-holes, where they were swallowed by Ruminants drink- 
ing at such convenient places. Their food was mixed. They swallowed small 
detritus-particles, spores, &c., without neglecting other small Protozoa. Such 
partially predatory habits are suggested by cases of cannibalism regularly 
recurring in some species of Entodinium (E. vorax) and Anoplodinium (A. 
costatum y A . rangiferi ), which feed on smaller species of Entodinium. It is 
especially worth noting that such feeding on smaller Infusorians is to be met 
with exclusively in Entodinium and Anoplodinium , that is, in lower Ophryo- 
scolecidae. The higher representatives of the family, although of large bulk 
and seemingly better adapted for swallowing their smaller relatives, have 
never been observed to do this. Consequently, predatory habits are to be con- 
sidered as a survival of the ancient mixed mode of feeding possessed by free- 
living ancestors of Ophryoscolecidae. Feeding on grass-particles and cellulose 
was doubtless a later acquirement and signifies a transition to a more specialized 
mode of feeding. 

The last assumption is further suggested by a progressive development of 
the inner skeleton in higher genera of Ophryoscolecidae. The skeleton in 
Ophryoscolecidae serves not so much to protect the animal from external 
injury, as for its support against pressure by large and sharp cellulose-splinters 
within, especially during the process of engulfing the food. The reason why 
skeletal plates develop on the right side of the body is precisely to be sought in 
the right-handed disposition of pharynx, that is, of the channel of introduction 
for unwieldy food-particles. Long cellulose-fibres, spines, &c. could rend the 
exterior (right) wall of the gullet, if it was not strengthened by a supporting 
skeletal plate. 

In the higher genera ( Ophryoscolex , Caloscolex , Opisthotrichum) skeletal 
plates are most strongly developed and surround the gullet from different 
sides. The skeleton w r as developed later and appeared because the Ophryo- 
scolecidae took to a vegetable diet. The chemical composition of skeletal 
plates (glycogen and hemicellulose, according to Strelkow) also point in this 
direction. It follows that higher Ophryoscolecidae, in respect of their diet and 
feeding habits, are strictly specialized forms adapted to their special medium, 
that is, to conditions in the rumen of their hosts. 

In conclusion we may suggest the necessity for complementary studies 
on Ophryoscolecidae in order to elucidate further essential points in their 
phylogeny. 

1. It is very important to investigate the Infusorians of the lama, huanaco, 
and vicunha, closely related to Camelus , but at present completely isolated 
from other Camelidae. 

2. It is indispensable to reinvestigate the Ophryoscolecidae of Tragulidae. 

The single work, on them made by Pringle Jameson (1925) is not sufficiently 
reliable. That is the more unfortunate because the Tragulidae are a primitive 
group of Pecora. , 

3. Investigation is necessary in several ecologically or systematically 
isolated species of Ruminants, as in Antilocapra } Ovibos, Moschus . 
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4. But as a most interesting object for investigation we draw attention to 
the Infusorians of Giraffidae, especially of the okapi. Giraffidae form a separate 
family among Pecora and may well contain quite a series of new and pecu- 
liar Ophryoscolecidae. Furthermore, a study of the Ophryoscolecidae of 
Ocapia could perhaps reveal the provenance of Troglodytella , an Ophryosco- 
lecid quite unexpectedly found to infest the gorilla and chimpanzee. We believe 
that these new hosts may have been acquired by Ophryoscolecidae as a result 
of infection by the Infusorians of some forest-inhabiting antelopes or okapi. 
Since Troglodytella does not show close relationship to the Ophryoscolecidae 
of antelopes, we are led to conjecture the possibility of an infection of 
anthropoid apes via the okapi. Infection might occur in the resting-places of 
anthropoids if they were previously occupied by some Ruminants which left 
there their saliva or cud. 


Summary 

1. The members of the family Ophryoscolecidae exhibit several (5) grades 
of progressive evolution. 

2. An analysis of distribution of different species and genera of Ophryo- 
scolecidae indicates the course of evolution of the family in the several 
branches of Ruminants where these Infusorians have been sufficiently 
studied; these branches are: family Camelidae and families Cervidae and 
Bovidae. 

3. A comparison of the distribution of different Ophryoscolecidae with the 
palaeontological occurrence of their hosts leads to the conclusion that the 
genera of Ophryoscolecidae arose at different periods, the more complicated 
ones appearing later than the simpler. 

4. The genera Entodinium and Anoplodinium seem to date from the Eocene, 
while Eudiplodinium and Epidinium appeared only in the Oligocene; the 
genus Ostracodinium is of a still later descent, and may have arisen in the 
Miocene. The latest of all to differentiate were the genera Opisthotrichum , 
Polyplastron , Ophryoscolex , and Caloscolex , belonging to the fourth and fifth, 
that is, to the highest grades of morphological complexity. Their origin 
cannot be traced farther back than the end of the Miocene or the beginning 
of Pliocene. 

5. These conclusions are supported by the differences in feeding habits of 
different Ophryoscolecidae. The more specialized feeding on cellulose-par- 
ticles has been developed in the higher Ophryoscolecidae, the lower members 
of the group {Entodinium and Anoplodinium) exhibiting a more diversified 
diet, combined sometimes with predaceous habits. 

The need for a study of the yet unknown Infusorian fauna of Lama , and 
especially of Giraffidae, is emphasized, and some suggestions as to the origin 
of an aberrant genus of Ophryoscolecidae ( Troglodytella from anthropoid 
apes) are given. 



Dogiel— Stomach-Infusorians of Ruminants 


343 


REFERENCES 

Buisson, J., 1923. Les infusoires cities du tube digestif de Vhomme et des mamtniferes. Th&se. 
Paris. 

1924. Ann. Parasitol., 2, 155. 

Cunha, A. M. da, and Muniz, J., 1927. C.R. Soc. Biol. Paris, 97, 1088. 

Dogiel, V., 1925. Trav. Soc. Nat. Leningrad. Sect. Zool. and Physiol., 54, 67. 

1925. Arch. Russe Protistol., 4, 43. 

1925. Ann. Parasitol. Paris, 3, 116. 

1926. Ibid., 4, 241. 

1927. Arch. Protistenk., 59, 1. 

1928. Ann. Parasitol. Paris, 6, 323. 

— — 1932. Arch. Protistenk., 77, 92. 

1934- Ibid., 82, 290. 

1935. Trans. Arctic Inst. Leningrad, 24, 142. 

On the Ophryoscolecidae of Saiga- Antelope ( Saiga tatarica). (In the press.) 

Fantham, H. B., 1920. S. Afr. J. Sci., 17, 131. 

1926. Ibid., 23, 560. 

Gassovsky, G., 1925. Bull. Inst. loc. scient. Research. Vladivostock, 2. 

Hoare, C., 1937. Parasitol., 29, 559. 

Jameson, A. P.,1925. Ibid., 17, 406. 

Kofoid, C. A., and McLennan, R. F., 1930. Univ. Calif. Publ. Zool., 33, 471. 

1932. Ibid., 37, 53. 

I933 Ibid., 39, 1. 

and Christensen, J., 1934. Ibid., 341. 

Reichenow, E., 1920. Arch. Protistenk., 41, 1. 

Strelkow, A., 1929. Ibid., 68, 503. 

1931. Ibid., 75,-191, 221. 

1931. Zool. Anz., 94, 37. 

1939. Sci. Trans. Leningrad Pedagog. Inst., 17 (Fac. Nat. Sci. No. 7: Zool.). 

Wertheim, P., 1935. Vet. Archiv., 5. 




The Experimental Production of Goblet Cells and 
Inclusion Bodies 

BY 
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With 4 Text-figures 

I N the course of inoculation experiments on rabbits' comeae we found that 
at a certain stage large numbers of goblet cells appeared. These are 
columnar cells with basal nuclei and a varying amount of mucigen in the 
cytoplasm. The mucigen- distends the cell giving it the shape of a goblet, and 
finally escapes as mucus from the free border of the cell. 

At the same time Ida Mann (1944) drew attention to the occurrence of 
goblet cells in the cornea during epithelial regeneration in the living eye ; these 
she thought had slid on to the cornea from the conjunctiva. Since this 
explanation did not seem convincing to us, we decided to follow up this 
observation by further experiments. 

We have been able to demonstrate that goblet cells can arise from normal 
epithelial cells and that the secretion antecedents originate in the nucleus. 
The following methods were used to produce these changes : 

Method 1. Our first observations were made on corneae subjected to 
multiple inoculations with human sera. Four weeks after the last injection 
the cornea showed the following picture (Text-fig. 1). Whilst in the sub- 
stantia propria no signs of inflammation could be seen except enlargement of 
the lymph vessels, remarkable changes took place in the epithelial cells. In 
Text-fig. 1 a cells are marked which showed within the nucleus unstainable, 
glassy, transparent, blister-like bodies, usually looked upon as vacuoles. These 
increased in size and number till they filled the entire nucleus up to its 
membrane (Text-fig. 3 d). Eventually they were extruded from the nucleus 
into the cytoplasm, where they again enlarged and multiplied by a process of 
budding or splitting, giving rise to cytoplasmic inclusions (Text-fig. 1 h). By 
this process the nucleus was pushed to the edge of the cell, became indented, 
and took on a crescentic shape. A trabecular structure became visible and 
dots appeared within the strands of it (Text-fig. 1 c). These and the whole 
inclusion stained red with eosin and mucicarmin and sometimes metachro- 
matically with toluidin blue or thionin. There was no longer any doubt that 
we were dealing with goblet cells. 

This observation, unknown in the ontogenesis of rodents, could be repro- 
duced to a considerable degree by the following methods : 
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Method 2 . 0*3 c.cm. of 1,000 e.s.u. Thorium X in sterile saline was injected 

intracorneally. . 

Method 3. 350 to 2,000 e.s.u. Thorium X in varnish or ointment was^ 

rubbed in after slight scarification of the cornea. 

Method 4 . Radon 3-4 millic. in 4 c.cm. varnish was used in the same 

way. 

Method 5. A marked response was obtained by rubbing in Thorium X or 
Radon in the above strengths three times at 4 weeks’ interval, followed by 
injection of filtered human cancer material. 



Fig. i. Nuclear changes in corneal cells. Method i. 


In all these experiments the cornea was injured, and therefore a sliding of 
the goblet cells from the limbus could not be excluded, but it could be ruled 
out by the following experiments. 

Method 6. The cornea was anaesthetized, cautiously dried, and 2,000 e.s.u. 
Thorium X applied. After 6 days numerous goblet cells appeared. 

Method 7. Radon 3-4 millic. in 3 c.cm. varnish gave the same result. 

Method 8. To avoid touching the cornea we exposed it at a distance of 
2 inches to short-wave diathermy, electrodes placed parallel and opposite with 
\ inch spacing, 1 milliamp. for 45 minutes; 25 days later we got the result 
shown in Text-fig. 2 d. 

Method 9. 60 minutes’ exposure to infra-red rays and 

Method jo. 45 minutes’ exposure to the Kromayer lamp at 4 inch distance 
resulted in the formation of goblet cells. Shorter exposures produced only 
the nuclear inclusions described and precursors of goblet cells. 

Localization of the Goblet Cells 

As to the areas which are prone to develop goblet cells a rule could not be 
established. Often they were only found in the first third of the cornea near 
the limbus, often only in the middle, but by using methods 5-7 every part of 
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the cornea showed goblet cells, sometimes interrupted by areas of normal 
epithelium (Text-fig. 2 c). 

Time-table of the Occurrence of Goblet Cells 
When using method 6, the precursors of goblet cells could be seen from 
the second day on, and fully developed goblet cells made their appearance on 
the sixth day. In methods 1 and 5 we found the greatest number 2 to 4 months 
after the last application of the stimuli. 



Fig. 3. Nuclear inclusions in corneal epithelial cells after diathermy, a-h , j, k t l: 
haematoxylin-eosin. i and m: haematoxylin-mucicarmin. X 960. 


From the fact that the number of goblet cells increases during the first 
4 months and that a proliferation of them into the substantia propria takes 
place (Text-fig. 2 e,f), we concluded that this was an active and not a 
degenerative process. 

One year after treatment the comeae looked normal, except in one case, 
which still Showed a fair number of goblet cells. Assuming that these comeae 
had reacted in the same way as all the others treated in this way (method 5), 
we can conclude that in this time the goblet cells disappear again. 

Mucous Degeneration for the Surface Epithelium 
After application of diathermy, Thorium X, Radon, and occasionally after 
varnish only, we found a mucous degeneration of the topmost layer (Text- 
fig. 4 t, u). This seemed to have no relation to the appearance of goblet 
cells. 
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The Life-history of the Goblet Cells 

Having demonstrated that goblet cells can be produced in the normal cornea 
without sliding from the conjunctiva, and that they develop from ordinary, 
normal epithelial cells, we could study the striking cytological changes which 
took place during their development. 





Fig. 4. Cytoplasmic inclusions and goblet cells in corneal epithelium after diathermy. 
a-f, q - s: haematoxylin-eosin. g-p, t , u: haematoxylin-mucicarmin. a-t : x 960,1/: X 720. 


The first changes observed were in the nucleus. Granules, blisters, or 
spherical bodies appeared within it (Text-fig. 3 a). They increased in size 
and number by a process of budding or splitting (Text-fig. 3 b , r, e,f g) till 
they filled the entire nucleus to the point of bursting, leaving only its mem- 
brane stained (Text-fig. 3 d , 1, /). Eventually they were extruded from the 
nucleus to form cytoplasmic inclusions (Text-figs. 3 m\ 4 a-n). 

The following reasons led us to the conclusion that the cytoplasmic 
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inclusions were derived from the nucleus: (i) Nuclear inclusions were found 
before cytoplasmic inclusions appeared. (2) When inclusions appear in the 
cytoplasm they disappear from the nucleus. (3) We often saw inclusions lying 
partly inside the nucleus and partly in the cytoplasm. In his paper on the 
effect of ultra-violet light on the cornea Duke-Elder (1929) made the same 
observation: highly refractile granules appeared within the nucleus and 
coalesced to form discrete inclusion bodies. They replaced the nucleus and 
were extruded into the cytoplasm. 

The inclusions were at first unstained by the usual histological methods, 
but at a later stage most of them could be stained by acid aniline dyes, such as 
eosin, Biebrich scarlet, or light green, and eventually they could be stained 
with mucicarmin and mucihaematin. Sometimes the cytoplasmic inclusions 
stained metachromatically with thionin and toluidin blue, which is a specific 
reaction of sulphuric esters of high molecular weight (Lison, 1936) like mucus. 
They are Feulgen negative and therefore not composed of thymo-nucleic 
acid, but they may contain other chromatin substances. 

The further development 's shown in Text-fig. 4 h-s. After extrusion from 
the nucleus vaCuole-like areas again appear in the inclusions. Again they 
enlarge and increase in number by budding or splitting and eventually form 
the mature goblet cell (Text-fig. 4 s) y pressing the nucleus to the edge and 
giving it a crescentic shape. 

/ 

A Response Mechanism of the Cell to Animate and Inanimate Stimuli 

The same nuclear changes were found during our experiments with 362 
eyes, irrespective of the stimulus applied. We injected 5—20 per cent, saline, 
normal and pathological sera, infected the cornea with vaccinia, and exposed 
it to radiant energy: we always found the nuclear changes described above 
(Text-figs. 2 a\ 3). Similar observations have been reported by Watanobe 
(1930) in corneas injected with various toxins. 

Production of secretory material from within the nucleus has been demon- 
strated in several other physiological processes. The origin of melanin from 
nuclear extrusions has been demonstrated by Meirowsky (1906) and since 
been confirmed by several workers (Meirowsky, 194°)- The production of 
keratohyalin from nuclear and nucleolar material has been observed by 
Herxheimer and Nathan (1916) and Ludford (1924). Hammar (1897) and 
Gilmour (1937) described nuclear inclusions in the epithelium lining the male 
genital tract which Gilmour thought were ‘expressions of augmented secretory 
activity’. Other examples of the secretory function of the nucleus or nucleolus 
are given by Berg (1935) who describes intranuclear and nucleolaf ‘blisters’ 
containing fat, pigment, glycogen, and iron in liver cells. 

Exactly analogous nuclear changes are found in certain virus diseases, in 
squamous cell cancer (Meirowsky, 1921), in Paget s disease of the nipple and 
carcinomatous effusions (Meirowsky and Keys, i 945 )> an< ^ Molluscutn 
contagiosum (Meirowsky, Keys, and Behr, 1946). 

These changes have been described in detail by us in another paper (1946). 
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In earlier literature similar changes have been recorded by Leloir (1878, 
‘alteration cavitaire’), Renaut (1881), Borrell (1903, ‘globules blancs’), and 
Brinckerhoff and Tyzer (1906). In virus diseases they were called ‘bodies* 
by Neisser (1882), ‘blisters’ by Herzberg (1936), ‘extrusion bodies’ by Him- 
melweit (1938), and ‘cysts’ by Merling (1943). 

Suggestions for the significance of these inclusions have been made by 
Woodruff and Goodpasture (1929), who state that the virus of Molluscum 
contagiosum develops around and later within cytoplasmic vacuoles ‘which may 
be regarded as the cellular response to the presence of a living foreign body’. 
Evans and Scott (1921) described the ‘segregation apparatus’ of the cell. 

We propose the following hypothesis to explain and co-ordinate our 
findings: The formation of nuclear inclusions and their extrusion into the 
cytoplasm is a constant and essential response mechanism of the cell to stimuli of 
any kind , animate or inanimate. If the stimuli are viruses, these are located 
within the inclusions. If a further development occurs its nature depends on 
the inherited or intrinsic properties of the cell. In the case of the epithelial 
cell of the cornea the inclusions may change into mucigen. In other condi- 
tions, such as Bowen’s disease or squamous cancers, they form hyaline masses, 
in plasma cells Russel bodies, in Molluscum contagiosum they contribute to 
the keratoid degeneration of the Henderson-Patterson bodies. 

The size and number of the inclusions seem to depend on the kind and 
strength of the stimulus. The changes are small and rare in normal and 
embryonic tissues, where only very few external or hormonal stimuli are 
operating. They increase with stronger stimuli, such as tar, but when viruses 
are attacking the cell or our combined method 5 is employed the inclusions 
become very conspicuous, and most of all when cancer attacks the cell. It 
may not be fortuitous that the stimuli which in our experiments produced the 
largest numbers of inclusions are also carcinogenic. 

Controls 

Lucas and Herrmann (1935) described the occurrence of cytoplasmic in- 
clusions in the comeae of normal rabbits. We have examined the corneae of 
40 normal rabbits and guinea-pigs and we too found occasional cytoplasmic 
inclusions, comparable in number with those found in normal or embryonic 
skin. We never found them in such large proportions as did these authors, 
and it is possible that their animals had been exposed to unknown irritants. 

Additional Observations 

During the course of these investigations certain additional facts were 
noted. The substantia propria was changed in all cases which were examined 
at an early date, but no signs of inflammation except enlarged lymph vessels 
were found when the eyes were examined after several months only. In early 
cases the substantia propria was infiltrated with all kinds of inflammatory 
cells. Swelling of the endothelial cells and new formation of blood-vessels 
was a common feature. 
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Coriieae treated with short-wave diathermy or Thorium X often showed a 
marked increase in pigment, melanoblasts in the middle of comeae in weakly 
pigmented animals, and a striking occurrence of pigment in the substantia 
propria, even when the epithelial cells were not or only slightly pigmented. 
These observations might have a bearing on the problem of the origin of 
pigment. 

The application of radiant energy usually leads to a cessation of mitoses, ami- 
totic division, and formation of giant cells with 3-6 nuclei in one epithelial cell. 

A proliferation of epithelial cells and even of goblet cells into the substantia 
propria was often observed and is shown in Text-fig. 2, e and/. 

We wish to express our sincere thanks to Dr. R. C. Matson for his kind 
permission to carry out experiments in the Pathological Department of the 
Royal Surrey County Hospital, Guildford. By courtesy of the British Re- 
search Council we received Radon free of charge. We owe a great debt of 
gratitude to Mr. P. H. Jacobs for his technical assistance, Mr. D. Moon for 
his microphotographic work, and to Mr. Bagwell for his help with the animals. 

Summary 

1 . Goblet cells have been produced experimentally in rabbits’ and guinea- 
pigs’ corneae by ten methods. 

2. Goblet cells can develop from ordinary epithelial cells. 

3. The secretion antecedents originate in the nucleus. 

4. Intranuclear and cytoplasmic inclusions can be produced experimentally 
and form the response mechanism of the cell towards animate and inanimate 
stimuli. 
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Introduction 

T HE investigation here recorded was undertaken in order to determine 
the changes which the cytoplasmic components, Golgi material and mito- 
chondria, of the male germ-cells of the domestic fowl undergo during the 
successive stages of spermatogenesis ; but nuclear changes during spermatele- 
osis were also very carefully studied. 

There is no previously published work on the cytoplasmic components 
during avian spermatogenesis, so that the present paper gives a full account 
of these structures, and also contains a detailed description of the meta- 
morphosis of the spermatid. It is worth mentioning that the nuclear changes 
during spermateleosis were described by some of the older workers and by 
one recent observer. The results of these investigations will be discussed 
later in this paper. 

Material and Methods 

The material used in the present study consisted of the testes of the 
domestic fowl ( Galltis domesticus). Very small pieces of testicular tissue were 
placed immediately after death in fixing fluids, and subsequently sections 
were cut at 5 and 8 fi in thickness. Smears were also made. 

For the study of the Golgi material, testes were fixed according to the silver- 
nitrate methods of Aoyama and Da Fano, and the sections were subsequently 
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stained with Ehrlich’s haematoxylin. The osmic method of Kolatchev was 
also used. It was found that the material treated according to Aoyama’s 
technique gave the best results. Flemming, without acetic acid, and Champy- 
Kull were used as fixatives for the study of the mitochondria. The sections 
were stained either with Heidenhain’s iron haematoxylin or with acid fuchsin. 
In this material the acrosome and the centrioles were dearly visible and the 
Golgi material was stained, but its structure was not shown as clearly as in 
the silver impregnated material. For the study of the nuclear changes Bouin s 
fluid proved to be very good. Material was fixed in formol and sections 
stained in Sudan IV for the demonstration of fat. Drawings were made with 
the aid of a camera lucida. 

The present work was carried out in the Department of Zoology, University 
of Edinburgh, and it is with the greatest pleasure that I express my thanks 
to Professor James Ritchie for granting me research facilities, for the interest 
he has shown in my work, and for reading the manuscript. I should like to 
thank also very sincerely Dr. R. A. R. Gresson for his useful suggestions 
and advice. 

Observations 

The Sertoli Cells. These cells, sometimes called nurse cells, vary in shape 
and structure. The nucleus is very large, contains a big nucleolus, and is 
usually stained very lightly. The resting Sertoli cell is found near the con- 
nective tissue wall of the tubule; it is elliptical in shape, and at the pole of 
the nucleus directed towards the lumen of the tubule the Golgi material is 
localized in the form of a compact mass of argentophil material (Text-fig. 2). 
The mitochondria are present at the same pole of the nucleus as the Golgi 
material, they are very numerous, and appear in the form of granules which 
vary in size (Text-fig. 1). At a certain stage of development of the spermatids 
the Sertoli cell begins to elongate, and the Golgi material breaks up into 
granules which extend through the elongate part of the cytoplasm (Text- 
fig. 3). The mitochondria become scattered in the same way as the Golgi 
particles. Finally, the elongate part of the Sertoli cell reaches the lumen of 
the tubule, and groups of late spermatids become imbedded in the cytoplasm 
of the Sertoli cell. The Golgi particles, previously-scattered over the cyto- 
plasm of the Sertoli cell, now surround each sperm head (Text-fig. 4). 

The Spermatogonia. Spermatogonia are usually present at the periphery of 
the seminiferous tubule. They are elliptical in shape and contain large nuclei , 
at the anterior pole of the nucleus is situated the Golgi material in the form 
of a mass of closely packed granules and rods (T ext-fig. 5). The mitochondria 
are spherical and comparatively large in size; they are clumped together in 
the form of a horseshoe, the centre of which covers the Golgi material, while 
the two arms embrace the anterior half of the nucleus (Text-fig. 20). 

The Spermatocytes. The primary spermatocyte is the largest germ-cell 
present in the testis; it is situated in the vicinity of the wall of the tubule, next 
to the spermatogonia. In sections from Flemming and Champy-Kull pre- 
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parations, showing the nucleus in the resting stage, the Golgi material is 
visible as a lightly coloured homogeneous body in the form of a cap situated 
at the anterior pole of the nucleus. The mitochondrial layer shows the first * 
signs of dispersal, and the individual granules become unequal in size. In the 
cytoplasm a darkly stained, small spherical body is often present; this body 
is called in the present paper the ‘accessory body* (Text-fig. 21). At the time 
when the nucleus enters the prophase of the first maturation division, the 
Golgi material spreads out along the wall of the nucleus, and assumes a half- 
moon shape. Inside the Golgi material two smalt granules of unequal size are 
visible; these are according to Miller (1938) central bodies. Considering the 
difference in size between the two bodies, the present writer is rather inclined 
to think that they are accessory bodies which are formed inside the Golgi 
material in the same way as in the mammalian spermatocyte. The mito- 
chondria, some of which attain quite a large size, become more or less evenly 
distributed through the cytoplasm (Text-fig. 22). In sections of silver pre- 
parations (Aoyama, Da Fano) the Golgi material shows a very dense cortical 
layer, which is composed of small rods clumped closely together, and a 
central layer, brown in colour, consisting of very loosely arranged Golgi rods 
(Text-fig. 6). 

With the beginning of the metaphase of the first spermatocyte division, the 
Golgi material of the silver preparations breaks up into several clumps which 
vary in size and become dispersed through the cytoplasm (Text-fig. 7). At 
the time when the chromosomes are arranged in the equatorial plate a further 
dispersal of the Golgi material takes place ; individual Golgi elements are now 
scattered all through the cytoplasm with the exception of the area around the 
asters which remains free of Golgi material. This arrangement of the Golgi 
elements persists during the subsequent stages (Text-fig. 8). After the 
division of the cell the dispersed elements of the Golgi material reassemble 
to form the localized Golgi material of the second spermatocyte. The mito- 
chondria remain scattered during all the division stages, but seem to be 
absent from inside the spindle (Text-fig. 23). The accessory bodies were not 
observed during the division of the first spermatocyte. 

The secondary spermatocyte is much smaller than the primary, and is only 
slightly larger than the spermatogonium. The Golgi material in silver pre- 
parations is crescentic in shape, with a dense black cortical layer which is 
present at the convex side of the crescent, and absent from the part next to 
the nucleus. One or more granules with an argentophil cortex are present 
in the cytoplasm in the vicinity of the Golgi material. These bodies, called 
in the present paper ‘Golgi X’, seem to behave in a similar way to the 
accessory bodies of the stained chrom-osmium preparations (Text-fig. 9). 
The Golgi material in the Flemming preparations is crescent-shaped, and its 
outer edges stain much more deeply than the central part. The mitochondria 
of the second spermatocyte remain scattered through the cytoplasm. In the 
cytoplasm one or more, frequently two, darkly stained accessory bodies are 
present (Text-fig. 24). During the second maturation division the Golgi 
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Text-figs. 5— 19. All figures from Aoyama preparations. 

Fig. 5. Spermatogonium. Fig. 6. Primary spermatocyte— early prophase. Fig. 7- Primary 
spermatocyte-early metaphase. Fig. 8. Primary spermatocyte-late anaphase. Fig. 9- 
Secondary spermatocyte-early • prophase. Fig. .o. Secondary 

Figs 11-14. Young spermatids. Fig. 15. Spermatid showing the beginning of the elongation 
of the nucleus. Fig. 16. Spermatid showing a coiled nucleus. Fig. 17. Late spermatid 
residual cytoplasm attached to the posterior end of the nucleus. Fig. 18. Late spermat 
straightened-out nucleus inside the cytoplasm. Fig. 19- Spermatozoon. 

p.A., proacrosome. 
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material and the mitochondria behave in a similar manner to those of dividing 
primary spermatocytes (Text-figs, io and 25). 

Spermateleosis , The spermatid, which emerges' after the second maturation 
division; is a comparatively small cell with a spherical nucleus; the latter 
contains, in the early stages, masses of darkly stained material scattered 
through the nucleoplasm (Text-figs. 11 and 26). With the appearance of 
the archoplasmic vacuole a depression is formed on the anterior pole of the 
nucleus (Text-figs. 12 and 28). After the deposition of the proacrosome, the 
darkly stained masses within the nucleus disappear, leaving the outer edges 
of the nucleus very deeply stained. With the decrease in size of the archo- 
plasmic vacuole, the part of the nucleus on which the proacrosome is situated 
begins to grow out in the form of a narrow process (Text-figs. 14, 29, and 30). 
As this process increases in size, the nucleus assumes a very irregular shape 
(Text-fig. 30). Very soon the process begins to bend slightly downwards 
(Text-fig. 15); and later the broad part of the nucleus becomes thinner, and 
the distinction between the anterior process and the remainder of the nucleus 
slowly disappears (Text-fig. 31). The bent part of the nucleus grows down- 
wards and reaches the posterior end of the cell (Text-fig. 32). Through con- 
tinuous elongation of the nucleus, and lack of response from the cytoplasm, the 
nucleus begins to coil up (Text-fig. 16). Later the cytoplasm begins to elongate ; 
this leads to the uncoiling of the nucleus and to its straightening inside the cyto- 
plasm (Text-figs. 18 and 33). A contraction and shrinkage of the cytoplasm 
now take place with the resulting outgrowth of the nucleus, which becomes 
free of cytoplasm along its whole length, apart from the posterior end which 
still remains in contact with the cytoplasmic remnant (Text-figs. 17 and 34). 
The next stage in the metamorphosis of the spermatid is the sloughing off 
of the cytoplasmic remnant, and the nucleus now forms the head of the 
spermatozoon (Text-figs. 19 and 35). The head of the spermatozoon is narrow, 
cylindrical, elongate, and worm-like in appearance. It is worth mentioning 
that the nucleus of the late spermatid is longer and broader than the head 
of the spermatozoon; this observation would suggest that during the final 
ripening of the spermatozoon a concentration of the nucleus takes place. 

The Golgi material of the spermatid is visible in the stained chrom-osmium 
preparations (Flemming, Champy-Kull), osmic material (Kolatchev), and in 
silver impregnated sections (Aoyama, Da Fano). In the Flemming sections 
the Golgi material appears as a lightly coloured subspherical body situated 
at one pole of the nucleus. In sections of silver preparations the Golgi material 
is composed of a number of rods and granules lying on the surface of a brown 
archoplasm (Text-figs. 11 and 26). Very soon the Golgi material moves away 
from the nuclear membrane, revealing a clear area — the archoplasmic vacuole 
which is closely applied to the anterior pole of the' nucleus (Text-figs. 12 and 
28). After the deposition of the proacrosome, which takes place while the 
former is situated at the summit of the archoplasmic vacuole, the Golgi 
material begins to drift down along the edge of the semilunar vacuole and 
finally reaches the posterior part of the cell. Finally, the Golgi material, now 
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Text-figs. 20-35. All figures from Champy-Kull preparations: 

Fig. 20. Spermatogonium. Fig. 21. Primary spermatocyte— resting stage. Fig. 22. Primary 
spermatocyte— early prophase. Fig. 23 . Primary spermatocyte— metaphase. Fig. 24. Secondary 
spermatocyte — early prophase. Fig. 25. Secondary spermatocyte late anaphase. Fig. 26. 
Young spermatid. Fig. 27. Abnormal spermatid. Figs. 28-30. Young spermatids showing 
the development of the acrosome and nuclear ring. Fig. 3 1 . Spermatid showing the elongation 
of the nucleus. Fig. 32. Spermatid showing the beginning of the coiled stage of the nucleus. 
Fig. 33. Late spermatid — straightened-out nucleus inside the cytoplasm. Fig. 34* Late 
spermatid — residual cytoplasm attached to the posterior end of the nucleus. Fig. 35. Sper- 
matozoon. 

A., acrosome; c x , proximal centnole; c n , distal centriole; ch., chromosomes; m., mito- 
chondria; G.R., Golgi remnant; n., nucleus; n.r., nuclear ring; z., clear zone. 
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called the Golgi remnant, is sloughed off together with the residual cytoplasm 
(Text-figs. 13-18 and 29-34). 

At the time when the archoplasmic vacuole begins to lift up the Golgi 
material, one or more granules, with an argentophil cortex, separate from the 
Golgi material. These granules move to the posterior part of the cell much 
more quickly than the Golgi remnant, and in the majority of sections one 
granule is seen to be in contact with the posterior end of the nucleus. In the 
ripe spermatozoon the argentophil granule is situated at the proximal end of 
the tail in close contact with the posterior end of the head. As these granules 
are argentophil and were observed to separate from the Golgi material, they 
are considered to be parts of the Golgi material and are called in the present 
paper ‘Golgi X’ (Text-figs. 12-19). These granules were not observed in the 
stained chrom-osmium preparations. 

The history of the acrosome begins with the appearance of the archoplasmic 
vacuole, which lifts up the Golgi material ; at the same time pressure is exerted 
on the anterior pole of the nucleus with the resulting depression of the nuclear 
membrane. The edge of the depression, in the form of a circular line, stains 
much more deeply than the nucleus, and is very similar to the structure 
observed in mammalian spermatids, where it has been called the nuclear ring 
(Zlotnik, 1943). At the time when the archoplasmic vacuole reaches its 
largest size a small dark granule — the proacrosome— is visible close to the 
Golgi material and near the summit of the vacuole (Text-fig. 12). The 
proacrosome moves across the archoplasmic vacuole and becomes situated 
in the centre of the nuclear depression (Text-figs. 13 and 28). Later the part 
of the nucleus where the proacrosome was deposited begins to grow out ; this 
process is connected with the disappearance of the nuclear depression and a 
decrease in size of the archoplasmic vacuole. The nuclear ring is at this stage 
still clearly visible (Text-figs. 14, 29, and 30). Soon the archoplasmic vacuole 
completely disappears, and the proacrosome, now called the acrosome, in- 
creases in size and occupies the anterior tip of the elongate nucleus. Further 
elongation of the nucleus causes the nuclear ring to become less deeply stained 
and finally no longer visible (Text-figs. 15 and 31). In the late spermatid and 
in the spermatozoon the acrosome is conical in shape. It is situated at the 
anterior end of the nucleus, and in the spermatozoon it takes up one-seventh 
of the length of the head (Text-figs. 16-19 and 32-5). 

In the young spermatid the mitochondria are spherical, and the individual 
granules are of unequal size ; they are scattered evenly in the anterior half of 
the cell around the Golgi material (Text-fig. 26). With the appearance of the 
archoplasmic vacuole the mitochondria, although remaining in the anterior 
half of the cell, appear in sections to be divided into two groups situated on 
both sides of the vacuole and the Golgi material (Text-fig. 28). After the 
deposition of the proacrosome and the decrease in size of the archoplasmic 
vacuole, the mitochondria are arranged in four groups, one on each side of 
the semilunar vacuole and one on each side of the posterior part of the 
nucleus (Text-fig. 29). At the time when the acrosomal end of the nucleus 
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begins to grow out in the form of a thin process, the mitochondria are present 
on both sides of the nucleus (Text-fig. 30). Later, when the nucleus elongates, 
the mitochondria are situated on both sides of the posterior part of the nucleus 
only (Text-figs. 31-3). The mitochondria are present in the anterior part 
of the residual cytoplasm just behind the nucleus; very soon they become 
arranged along the axial filament (Text-fig. 34 )- In the spermatozoon the 
mitochondria form the mitochondrial sheath of the middle-piece. The 
piece is a very short structure, about a quarter of the length of the head of the 
spermatozoon. Owing to the irregular distribution of the mitochondrial 
granules along the axial filament, the mitochondrial sheath appears very 
frequently as a spiral structure (Text-fig. 35). 

Two small centrioles are present in the spermatid. In the young spermatid, 
soon after the second maturation division, the centrioles are situated in close 
contact with each other very near the periphery of the cell (1 ext-hg. 20). 
Later the centrioles move towards the nucleus, and the proximal centriole 
becomes attached to the nuclear membrane at the opposite pole to the 
proacrosome, and a thin filament grows from the two centrioles (Text-figs. 
28 and 20). With the elongation of the nucleus the proximal centnole becomes 
embedded into the posterior end of the nucleus, so that it is very often not 
clearly visible; the distal centriole assumes the shape of a ring and in the 
subsequent stages of spermateleosis moves away from the proximal centnole, 
and at the time of the uncoiling of the nucleus it is present at the distal end 
of the clear zone round the nucleus (Text-figs. 31-3)- 1 migration of the 
distal centriole continues in the residual cytoplasm, where it marks the 
posterior limit of the future middle-piece (Text-fig. 34). In the ripe sper- 
matozoon the proximal centriole is attached to the posterior end of the head, 
and is only visible when the tail is broken off; the distal centriole only is 
observed at the lower end of the middle-piece (Text-fig. 35). 

At the time of the uncoiling of the nucleus a clear zone appears around the 
posterior half of the nucleus. This zone can be compared with the manchette 
of mammalian spermatids (Text-figs. 32 and 33). The similarity to e 
manchette is especially striking in the residual cytoplasm; here the zone 
cylindrical in shape, the upper end being attached to the nucleus whi e the 
posterior end remains open. The length and width of the zone in the residual 
cytoplasm and the arrangement of the mitochondria inside the zone along the 
axial filament would suggest that the zone marks the boundaries of the middle- 

piece of the spermatozoon (Text-figs. 34 and 35). 

Several abnormal spermatids were observed; these were large cells wi 
either two or four nuclei, each nucleus having its Golgi material and mito- 
chondria. This is probably caused by a failure of the cytoplasm to divide 
after nuclear division of the spermatocytes (Text-fig. 27). 


Discussion 

As already pointed out no previous detailed work has been recorded on the 
structure and behaviour of the Golgi material during spermatogenesis in birds. 
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The results of the present investigation show that there is no substantial 
difference between the structure and behaviour of the Golgi material of avian 
and mammalian male germ-cells. The Golgi material in the spermatocytes 
of the domestic fowl consists of a number of rods and granules which surround 
the archoplasm. During the maturation divisions the Golgi material is scat- 
tered through the cytoplasm, and finally the individual Golgi elements become 
sorted out between the two daughter cells. After the formation of the acro- 
some, the Golgi material of the spermatid migrates to the posterior part of 
the cell. The Golgi material, now called the Golgi remnant, does not take 
any further active part in spermateleosis, but remains in the residual cyto- 
plasm and is eliminated together with the latter. 

Several writers record the presence of accessory and chromatoid bodies, 
within the cytoplasm of mammalian male germ-cells. Gresson and Zlotnik 
(1945) give a full account of the literature on the subject, and they suggest 
that chromatoid and accessory bodies are identical structures. According to 
their work, accessory bodies are formed inside the Golgi material of spermato- 
cytes and spermatids and later passed into the cytoplasm, where they remain 
during the subsequent stages of spermatogenesis. At least one such body is 
included in the neck region of the spermatozoon. Bodies corresponding to 
those observed in mammalian germ-cells are present also in the domestic 
fowl. In the stained chrom- osmium preparations they are visible only in the 
spermatocytes, while in the silver impregnated material they are present in 
the spermatocytes and also in the spermatids. One or more, usually two, 
such bodies occur in the spermatids. In the ripe spermatozoon only one 
argentophil granule is present in the neck region. As these bodies have an 
argentophil cortex, and were observed to separate from the Golgi material, 
they were called in the present paper ‘Golgi X\ 

The origin of the acrosome in the male germ-cells of the domestic fowl 
is on the same lines as that described for mammalian germ-cells by Papani- 
colaou and Stockard (1918) for the guinea-pig, Gatenby and Woodger (1921) 
for the guinea-pig, Gatenby and Beams (1935) for man, Gresson (1942) for 
the mouse, and Gresson and Zlotnik (1945) for sheep, pig, dog, cat, rat, 
rabbit, and golden hamster. As far as avian spermatogenesis is concerned, 
Brunn (1884) claimed that in the domestic fowl the acrosome is formed in 
the same way as in mammalian germ-cells and is protoplasmic in origin ; in 
the pigeon, however, the acrosome is of nuclear origin. In the spermatid of the 
pigeon, according to Brunn, the nucleus divides into two hemispheres, an 
anterior Ijghtly stained part which contains a nucleolus, and a posterior darkly 
stained portion. The anterior part deposits a small granule on the prominent 
tip of the posterior nucleus ; this granule is the acrosome Brunn concludes 
that the posterior nucleus forms the head of the spermatozoon, while the 
anterior part of the nucleus serves as a cap for the head. In my opinion the 
anterior part of the nucleus observed by Brunn is the crescentic Golgi material 
which is raised up from the nucleus and deposits the proacrosome. Benda 
(1903) considers the anterior part of the head of the spermatozoon of the 
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pigeon to be the perforatorium which, according to him, originates from 
archoplasmic material. Miller (1938) states that the acrosome of the domestic 
fowl is formed from idiosome material. He figures the acrosome as a group 
of fine granules situated at the tip of the elongate nucleus. 

The mitochondria of the domestic fowl conform more or less to the same 
rules of behaviour as in mammalian male germ-cells. In the spermatogonia 
they form a horseshoe-shaped structure around the Golgi material ; in the 
spermatocytes they scatter, and in the spermatids they are present, at first, 
in the anterior part of the cell, but later they move to the posterior region 
where they surround the anterior part of the axial filament. In the spermato- 
zoon the mitochondria form the mitochondrial sheath of the middle-piece. 
Owing to certain irregularities in the arrangement of the mitochondria along the 
axial filament, the sheath looks sometimes like a spiral structure. Ballowitz 
(1888) considers the part of the sperm-tail of the pigeon surrounded by the 
spiral structure to be the middle-piece. Benda (1903) states that the spiral 
structure, present in the spermatozoon of the pigeon, is composed of mito- 
chondria, and that it surrounds not only the middle-piece, but a large part 
of the head also. Retzius (1909) disagrees with Benda, and supports Ballo- 
witz ’s statement; according to him a spiral sheath surrounds the anterior part 
of the axial filament only. 

As to the nuclear transformations during spermateleosis, which are fully 
described in the present paper, there exists some diversity of opinion amongst 
the previous workers on avian spermatogenesis. Brunn (1884) believes that 
the head of the spermatozoon of the pigeon develops through spiral entangling 
of the elongate nucleus. Guyer (1909), who claims the presence of 8 bivalent 
chromosomes and 1 accessory chromosome in the primary spermatocyte of 
the domestic fowl, states that the transformation of the nucleus of the sperma- 
tid comes about through the arrangement of 4 or 5 chromosomes in a more or 
less closed ring, around which the nuclear membrane is formed. The chromo- 
somes concentrate gradually towards one side in the form of a crescent. The 
nuclear membrane thins out along the margin free of chromosomes and finally 
fades away, leaving a dense elongate chromatin mass. This mass grows still 
further and becomes the head of the spermatozoon. In the pigeon Guyer 
observed a spiral twisting and uncoiling of the nucleus. According to Miller 
(1938), the first nuclear change during spermateleosis is a spinning out of the 
chromatin spheres into a network, and an accumulation of chromatin along 
the nuclear membrane. The network of chromatin material later begins to 
contract laterally. It is certain from Miller’s description that he did not 
observe the coiled stages of the transformation of the nucleus. 

In the present paper two centrioles are described ; they are visible in the 
early spermatid and in the subsequent stages of spermateleosis. The proximal 
centriole becomes attached to the posterior end of the elongate nucleus, while 
the distal centriole assumes the shape of a ring, migrates down along the axial 
filament, and marks the posterior limit of the middle-piece. The axial filament 
is described as a filament which .grows out from both centrioles. Similar 
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observations were made by Retzius (1909), who states that in some cases at 
the posterior end of the middle-piece of the 1 spermatozoon of the domestic 
fowl a ring-shaped structure is present; this body represents the distal cen- 
triole. The proximal centriole is attached to the head of the spermatozoon at 
its junction with the tail, and is clearly visible after the tail is broken off. The 
results of Guyer’s (1909) work agree with those of Retzius. According to 
Guyer the axial filament emerges from the nucleus of the spermatid in the 
domestic fowl ; at the point where the filament leaves the cytoplasm a ring- 
shaped centriole is present. Guyer makes it clear that the axial filament, 
although emerging from the nucleus, is not of nuclear origin, but originates 
from the proximal centriole which is embedded inside the nuclear substance. 
The proximal centriole is a very small granule, and in successful preparations 
is seen to consist of three parts. The view that the proximal centriole divides 
into three granules is also expressed by Retzius. Miller (1938) states that he 
observed only a few details of the formation of the tail. In the resting sperma- 
tid a central body is present inside the idiosome. Later, the central body 
elongates into a rod ; the latter is at first situated tangentially to the nucleus, 
but soon turns and moves towards the nucleus until one end touches the 
nuclear membrane and penetrates the nucleus. The rod-like centriole in- 
creases in length, and its posterior end passes out of the cell. As the rod 
elongates it becomes thinner and stains less intensely. After the elongation 
of the cell a dark staining material whose origin could not be determined 
is present at the point where the axial filament crosses the posterior end of the 
clear zone around the nucleus. The present writer does not agree with Miller 
that in the resting spermatid the centrioles are situated within the idiosome, 
as according to the present work the centrioles are set free in the cytoplasm 
after the second maturation division. Further, in my opinion, the rod-shaped 
central body described by Miller is in reality the proximal and distal centrioles 
situated very closely together, and that the darkly stained material present 
along the axial filament is the distal or ring centriole imperfectly preserved. 

Miller (1938) states that after the elongation of the nucleus the latter is seen 
lying in a clear space surrounded by a membrane; later this membrane 
flattens against the sperm head and tail. A similar structure was observed in 
the present investigation and was called for convenience the clear zone. A 
suggestion is made that this zone plays the same part in avian spermatogenesis 
as the manch^tte in mammalian male germ-cells. The similarity to the man- 
chette is especially striking in the residual cytoplasm. 

Summary 

1. The Golgi material of the male germ-cells of the domestic fowl is in the 
form of a localized body, composed of rods and granules which lie on the 
surface of the archop lasm. 

2. During the maturation divisions the localized Golgi material breaks 
down and forms a number of granules and rods which become dispersed at 
the beginning of the metaphase. After each division the scattered Golgi 
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elements reassemble in the daughter cells and become once more attached 
to the archoplasm. 

3. After the formation of the acrosome the Golgi material migrates to the 
residual cytoplasm and, as the Golgi remnant, is eliminated. 

4. Accessory bodies are present in the cytoplasm of the spermatocytes 
from both silver and chrom-osmium preparations; in the spermatids only 
argentophil bodies are identified. One argentophil accessory body ‘Golgi X* 
is included in the neck region of the spermatozoon. 

5. The acrosome is formed from the proacrosome; the latter originates 
within the archoplasmic vacuole inside the Golgi material of the spermatid. 
The acrosome occupies the anterior tip of the head of the spermatozoon, and 
is conical in shape. 

6. The nuclear ring is present in the early stages of the metamorphosis of 
the spermatid ; with the elongation of the nucleus it disappears. 

7. The mitochondria are described during all the stages of spermatogenesis ; 
their ultimate fate is the formation of the mitochondrial sheath of the middle- 
piece. This sheath often appears in the form of a spiral structure. 

8. During the transformation of the nucleus a coiled stage is constant; this 
is due to the continuous elongation of the nucleus and lack of response from 
the cytoplasm. The head of the spermatozoon is an elongate worm-like 

structure. . 

9. Two centrioles are present in the spermatids of the domestic fowl. I he 
axial filament originates from the two centrioles. The proximal centriole is 
attached to the posterior end of the head of the spermatozoon, while the distal 
centriole assumes the shape of a ring and marks the distal limit of the middle- 
piece. 

10. A clear zone surrounds the posterior part of the nucleus of the late 
spermatid; this zone possibly takes part in the formation of the middle-piece. 
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Introduction 

ALTHOUGH it is well established that alkaline phosphatase is present 
J~\_ in high concentrations in mammalian bones, the histological and cyto- 
logical distribution of the enzyme in normal adult bones has not been ade- 
quately studied. Since the introduction of techniques for the histochemical 
localization of phosphatase (Gomori, 1939; Takamatsu, 1939) a number of 
papers have been published on the distribution of the enzyme in the develop- 
ing bones and teeth of mammalian embryos (Gomori, 1943; Horowitz, 1942; 
Bevelander and Johnson, 1945 ; Engel and Furuta, 1942) and in the skeleton 
of fowl embryos (Moog, 1944). The relation of phosphatase to ectopic bone in 
bladder transplants (Gomori, 1943) and phosphatase in healing experimental 
fractures (Bourne, 1943) has also been studied. 

The reasons why the original Gomori technique was only reluctantly 
applied to adult bones are twofold : 

1. The decalcifying fluids commonly used in histology destroy alkaline 
phosphatase. 

2. Even when reasonably thin sections of undecalcified bone had been 
obtained there remained the problem of distinguishing between the pre- 
formed phosphate and the phosphate deposited during incubation with 
the substrate. 

The first obstacle was partially overcome by Rabat and Furth (1941) who 
used diammonium citrate to decalcify bones of human foetuses. Bourne 
(1943) circumvented the decalcifying problem by incubating thin bone slices 
and, after visualizing the phosphatase, decalcified with trichloracetic acid and 
embedded in the usual way. This method, although it may be suitable for 
indicating the presence of phosphatase in a roughly qualitative way, is quite 
unsuitable where the exact cytological localization of the enzyme is to be 
ascertained, or a quantitative comparison to be made. The reason for this is 
that the reaction products obtained during the process of converting the 
calcium phosphate to cobalt sulphide are all more or less soluble and there 
may be considerable loss and displacement of precipitate during the compara- 
tively long times required for each reagent to penetrate a bone slice. Even with 
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paraffin sections these factors must be borne in mind if reliable results are to 
be obtained (Danielli, 1946). 

The second difficulty could be overcome in three ways : 

(a) By a careful comparison of the incubated bone section with a control 
section treated identically except for the incubation with glycerophosphate. 
This is the method usually adopted. Apart from being tedious it does not 
solve the problem of the localization of phosphatase in an area also containing 
a high concentration of preformed phosphate, e.g. in the bone matrix. Accord- 
ing to Bourne (*943), only the newly formed matrix stains positively, the older 
bone being negative. I was unable to confirm this. 

( b ) By adopting a two-colour scheme for preformed phosphate and phos- 
phate liberated through enzyme activity. This is the principle underlying 
Gomori’s (1943) method for bone. The existing calcium salts are converted 
to the black cobalt sulphide by treatment with cobalt nitrate followed by 
ammonium sulphide. The section is then incubated with glycerophosphate 
in the usual manner and the phosphate liberated visualized by conversion to 
lead phosphate which is stained purple with acridine red. By this method the 
phosphatase stites can be located fairly well in thin undecalcified sections 
provided the concentration of preformed phosphate is not so great as to mask 
the purple of the phosphatase reaction. 

The following objections may be raised against the method: 

1. Regarding the visualization of the preformed phosphate, it must be 
borne in mind that ammonium sulphide is an inhibitor of phosphatase (Fell 
and Danielli, 1943); thus the necessity of adding this reagent to the substrate 
during incubation, in order to depress the solubility of the cobalt sulphide 
deposited in the sections, is a disadvantage where low concentrations of phos- 
phatase are to be demonstrated. 

2. The lead nitrate-acridine red method of visualizing phosphatase is 
unsatisfactory with the brands of acridine red available in this country. Using 
acridine red (Gurr), I found that exact localization of phosphatase was impos- 
sible since the coloured lake is easily soluble in the reagents used during 
dehydration and clearing of the slide and a diffuse picture is obtained. More- 
over, acridine red acts as a nuclear stain, thus making the detection of nuclear 
phosphatase impossible. 

If it is desired to show the location of bone salts as well as phosphatase, the 
following modification of Gomori’s (1943) method was found useful: pre- 
formed phosphate is shown by conversion to cobalt sulphide and the section 
incubated in the presence of one drop (NH 4 ) 2 S per 100 c.cm. substrate. After 
incubation the slide is washed in dilute Ca(N 0 3 ) 2 and placed for 10 min. in a 
x saturated, buffered solution of gallamine blue (Gurr) at pH 7*0. The slide is 
rinsed quickly (15-30 sec.) in 0-5 NaOH, washed, dehydrated, cleared, arid 
mounted. 

Gallamine blue forms a purple lake with calcium and is specific for this 
metal (Stock, personal communication) ; thus the sites of phosphatase activity 
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appear purple. In neutral solution there is only a slight degree of background 
staining which is completely removed by the treatment with dilute NaOH. 
Since the dye-lake tends to redissolve both in the staining bath and in the 
NaOH, the above times must be strictly adhered to. 

The sections may be counterstained with eosin, safranin, or, if it is desired 
to stain nuclei, methyl green or neutral red. This method is only suitable for 
tissues in which the initial phosphatase content is high, such as sections of 
developing mammalian bones. 

(c) The difficulty of demonstrating phosphatase in the presence of bone 
salts may be overcome by using a phosphate ester as substrate and utilizing 
the organic radicle liberated by the phosphatase to visualize sites of enzyme 
activity by formation of an azo-dye. This method was first described by 
Menten, Junge, & Green (1944), who employed Ca ^-naphthyl phosphate as 
substrate; / 3 -naphthol is liberated which, in the presence of diazotized 
a-naphthylamine, forms a coloured compound. Various modifications of this 
technique are described by Danielli (1946)* He, like Menten, Junge, and 
Green, applied the method to kidney sections. There is no record of its 
application to bone sections. Yet a method involving the deposition of an 
azo-dye instead of visualizing inorganic phosphate should on principle be 
ideal for calcified tissues since the question of differentiation between pre- 
formed and newly deposited phosphate does not arise. Unfortunately the 
method of Menten, Junge, and Green is much inferior to the Gomori- 
Takamatsu method from the technical point of view. ‘Incubation’ has to be 
carried out below io° C. to avoid disintegration of the diazotized amine. 
Even so the diazonium hydroxide is destroyed in 2 hours or less. This means 
constant renewal of substrate as the incubation periods required are con- 
siderably longer than for the Gomori— Takamatsu method. Ihe reason for 
this is not only the low temperature but the fact that phosphatase does not 
act as readily on the Ca /3-naphthyl phosphate in presence of diazotized amine 
as it does on the glycerophosphate in the Gomori-Takamatsu substrate. 
Menten, Junge, and Green’s method is somewhat improved by the use of 
a- instead of /3-naphthyl phosphate, but even so its sensitivity is low (Lorch, 
1947). When applied to undecalcified sections of costo-chondral junctions 
only the areas of very intense phosphatase activity are picked out. 

It is seen that a decalcifying method leaving the phosphatase intact enables 
one to obtain thin sections of bones irrespective of their initial hardness and, 
provided decalcification is complete, the original Gomori-Takamatsu method 
can then be used to visualize the phosphatase. The necessity for unincubated 
controls or double coloration is thereby eliminated. 

Material 

The bones described in this paper were taken from adult rats and mice and 
from two kittens, one shortly before birth and one newly bom. Sections were 
cut through the ribs so as to include the costo-chondral junctiofi. Long bones 
are represented by the head of the humerus and the distal end of the femur, 
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which were cut longitudinally so as to include the epiphyses. The frontal 
served as an example of membrane bone. 

Methods 

A preliminary account of the decalcification method was given in Nature 
(Lorch, 1946). Minor modifications have been made. Cloetens (1942) has 
shown that alkaline phosphatase extracted from mammalian kidneys can be 
reversibly inactivated by incubation with acid media. He found that various 
metallic ions, notably Zn“(io~ 4 M) had a retarding effect on the course of 
inactivation, i.e. protected the enzyme. In a second paper Cloetens (1944) 
showed that the reactivation of the enzyme at an alkaline pH can be facilitated 
by certain organic compounds, especially by glycine. It was thought that the 
above facts could be utilized in a method for decalcifying bones with preserva- 
tion of phosphatase. 

The effect of different buffers between pH 4 and 6 on alkaline phosphatase 
in kidney sections was tested, and Cloeten’s findings regarding the protective 
action of Zn* ’ ions and the reactivating effect of alkaline solutions containing 
glycine were confirmed. The buffers were then applied to rat ribs to test their 
decalcifying power. Optimum conditions for decalcification and reactivation 
were ascertained. Of the fluids tested magnesium citrate (as recommended 
by Shipley, 1937) and sodium acetate (Peters and Van Slyke, 1932) were 
found to be very slow decalcifying agents, but the destruction of phosphatase 
was very small in the presence of ZnS 0 4 and with suitable reactivation. The 
buffer finally adopted as most suitable in every respect was sodium citrate- 
HC 1 at pH 4’4“4*6 (Clark, 1928). 

The following procedure is recommended : 

1. Small pieces of bone are fixed in 80 per cent, ethyl alcohol for about 
8 hours and brought down to distilled water. (Fixation in neutral formalin 
prolongs the time necessary for decalcification and causes some destruction 
of phosphatase.) 

2. The tissue is placed in a large volume (100 c.cm.) of citrate-HCl buffer 
at pH 4*5 made up as follows : 

Solution A: 21 gm. crystalline citric acid+200 c.cm. N. NaOH per litre. 

Solution B: — N. HC 1 . 

10 

30 c.cm. of B is added to 70 c.cm. of A. 

Add 0*2 c.cm. 1 per cent. ZnS 0 4 , and 1 drop of chloroform to prevent the 
growth of moulds. Keeping the tissues cold (under io° C.) minimizes the 
destruction of phosphatase, but delays decalcification. The latter can be 
hastened considerably by bubbling a stream of air through the fluid. 

3. The fluid is changed once or twice daily until decalcification is complete, 
as indicated by flexibility of the tissue and absence of a precipitate on addition 
of oxalic acid to the decalcifying fluid. The bones described in this paper 
took between 2 and 1 1 days to decalcify, depending on the size and consistency 


I. Joan Lorch — Localization of Alkaline Phosphatase 371 

of the tissue, the fixative, and the decalcifying fluid used. Bones have been 
kept in citrate buffer for 12 days at 8° C. without adverse effect on their 
phosphatase content. 

4. The tissue is washed in tap-water for several hours. 

5. It is then reactivated in 1 per cent, sodium barbitone containing 0*075 
per cent, glycine at 37 0 C. for 3-6 hours. 

6. The reactivator is removed by washing in running water for 2-4 hours. 
(This is important as glycine interferes with the precipitation of calcium 
phosphate (Fell and Danielli, 1943).) 

7. The tissue is dehydrated, cleared, and embedded in wax (m.p. 58° C.). 

8. Sections are cut at 8j u, mounted, and brought to distilled water. 

9. Slides are incubated with Gomori’s substrate at 37 0 C. The following 
slightly modified substrate mixture was used: 

10 c.cm. 2 per cent, calcium nitrate. 

10 c.cm. 2 per cent, magnesium chloride. 

10 c.cm. 4 per cent, sodium ^-glycerophosphate. 

70 c.cm. 1 per cent, sodium barbitone. 

Incubation times were varied from 20 minutes to 1 5 hours according to the 
nature of the material. 

The slides are then washed in 1 per cent, calcium nitrate, placed in 2 per 
cent, cobalt nitrate, washed in distilled water, placed in dilute ammonium 
sulphide, washed, dehydrated, cleared, and mounted. 

The precautions recommended by Danielli (1946) regarding the times spent 
in the various reagents were observed throughout. Phosphatase sites appear 
black, the rest of the section being colourless. 

10. The section may be counterstained with eosin. 

The following pctint concerning the Gomori-Takamatsu (1939) method 
may be worth mentioning: cartilage often stains ‘positive’ in incubated as 
well as control sections. Bourne (1943ft) states that this is of no significance, 
yet in thick sections (e.g. 30 /z sections of rib as used by Bourne) this effect 
would mask the presence of phosphatase as well as preformed phosphate if 
such were present. Actually the positive stain is due to adsorption of cobalt 
nitrate and ammonium sulphide by the cartilage matrix. It is not abolished 
by decalcification, but 8 /z sections do not show appreciable staining. If the 
silver modification of Gomori’s technique is used the cartilage remains com- 
pletely colourless in phosphatase-free areas. 

In order to ascertain whether there was any destruction of phosphatase 
during the process of decalcification a piece of kidney was fixed simultaneously 
with each piece of bone. It was then divided into two halves, one half to be 
taken through the same process as the bone and the other to be dehydrated, 
cleared, and embedded immediately. By comparing sections from the two 
blocks of kidney mounted on the same slide as the bone section and treated 
identically, the degree of destruction of phosphatase could be roughly ascer- 
tained. As a rule there was very little difference between the kidney sections. 

c c 
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Text-fig. i. High-power view of a trabecula. From the spongy bone close to the -costo- 
chondral junction of the rib of a new-born kitten. 

All sections’are from decalcified bones cut at 8/x. Phosphatase is visualized by the Gomori 
method. Sites of phosphatase activity appear black. The drawings were made with the aid of 
a camera lucida. 



Text-fig. 2 . A bony trabecula near the costo-chondral junction of the rib of an adult rat. 
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It is assumed that bone phosphatase would be affected by the reagents to the 
same degree as kidney phosphatase. 


Results 

The three types of bone— ribs, long bones, and membrane bone — will be 
described separately. 

1. Ribs 

(a) From new-born kitten (PI. 1, fig. 1, and Text-fig. 1). At some distance 
from the costo-chondral junction the cartilage is completely negative. Near 



BONY 

TRABECULA 


BONE 

marrow 
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Text-fig. 3. From the zone of hypertrophic cartilage at the costo-chondral junction of the 
rat’s rib. Eleven days in acetate buffer. Incubation time 20 min. Note the strongly positive 
nuclei and the ‘capsules’ of phosphatase-containing matrix. 


the junction the chondrocyte nuclei in the centre of the cartilage stain faintly, 
those at the periphery more strongly. The matrix is still negative. The peri- 
chondrium in the region of the columns of cartilage cells is strongly positive 
and appears as a homogeneous black band in sections incubated for long 
periods. Shorter incubation times show that the fibroblast nuclei as well as 
the fibres of the perichondrium contain phosphatase. Two layers can be 
distinguished in the perichondrium : an inner strongly positive layer and an 
outer faintly staining one. 

The hypertrophic cartilage cells at the costo-chondral junction are free 
from phosphatase and there are only traces in the matrix. There is an abrupt 
transition from the colourless cartilage to the heavily staining zone of vascular 
spongy bone. Here the concentration of phosphatase is greatest at the edges 
of the bony trabeculae and in the matrix immediately surrounding the osteo- 
cytes. Osteoblast nuclei and the osteocytes of the newly formed trabeculae 
are positive. The bone marrow cells are strongly positive. The older osteo- 
cytes in the centre of larger trabeculae are negative. Trabeculae somewhat 
removed from the junction show phosphatase only in the matrix immediately 
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surrounding the osteocytes. The periosteal bone matrixis negative. Only the 
lining of the vascular canals and a few osteocytes in their vicinity stain black. 



Text-fig. 4. Compact bone of rat’s rib near the marrow cavity. Eleven days in acetate buffer. 
Incubation time 1 hour. No counterstain. Note osteocytes with processes and the positively 
staining fibres extending from the endosteum. 



Text-fig s- Longitudinal section through the head of the humerus of an adult rat. The 
marrow cavity is not cut. Four days in citrate buffer. Incubation time 1 hour. Counterstained 
with eosin. Note the strongly positive Haversian canals, bone marrow, endosteum, peri- 
osteum, and hypertrophic cartilage zone. The small-celled cartilage and the bone matrix are 
negative. 

( b ) From adult rat (PI. i, fig. 2, and Text-fig. 3). The costal cartilage 
including the perichondrium is free from phosphatase except for the hyper- 
trophied cells at the costo- chondral junction which display strongly positive 
nuclei. The ground substance in this region is also positive. The inner layer 
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of the perichondrium is positive only at the point where it merges into the 
periosteum. The latter is strongly positive throughout. The appearance of 
the trabecular bone does not differ greatly from that in the kitten rib but the 
phosphatase in the matrix of the newly formed trabeculae appears in patches 
rather than in the form of a ‘halo’ round the osteocytes (Text-fig. 2). 

The endosteum appears as a black line round each individual fragment of 
bone. Fine black fibres are seen to enter the bone matrix from the endosteum 
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Text-fig. 6. From the epiphyseal junction of the rat femur shown in Text-fig. 5* 


(Sharpey’s fibres). This is particularly clear in the compact layer of periosteal 
bone which also displays positively staining osteocytes near the marrow cavity 
(Text-fig. 4). These osteocytes with their extensively branching processes 
stand out well against the colourless (i.e. negative) bone matrix. 


2. Long Bones 

(a) Rat and Mouse. In the rat and mouse bones examined epiphyseal union 
had not taken place. This is in accordance with results obtained by Dawson 
(1925) who showed that the cartilaginous plate persists in the humeri and 
femurs even of very old rats. The results described refer to the head of the 
humerus of a fully grown rat (Text-fig. 5) but apply equally to other bones of 
rats and mice. In the trabecular bone of the epiphysis only the endosteum 
and the bone marrow contain phosphatase while the matrix is negative. The 
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diaphysis shows a layer of compact bone in which the Haversian canals stand 
out black. No osteocytes are stained in the older bone but in the trabeculae 
near the epiphyseal plate occasional cells/ with their processes are picked out 
by the reaction. Sharpey’s fibres are clearly seen (cf. Text-fig. 2 ). 
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Text-fig. 7. From the costal cartilage and adjacent bone of the rat’s femur. Five days in 
citrate buffer. Incubation time i hour. No counterstain. Compare the appearance of the 
cartilage cells with Text-fig. 3. The endosteum and the nuclei in its vicinity are positive. 
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Text-fig. 8. Vertical section through the frontal of a new-born kitten. Three days in acetate 
buffer. Incubation time 1 hour. Counterstained with eosin. Upper edge of section represents 
outer surface of bone. Note rows of positively staining osteoblasts especially at the outer 
edges of the bone. The multinucleated osteoblasts at the inner surface are in regions of low 
phosphatase activity. The framed areas are shown under higher magnification in Text-figs. 9 
and 10. 

The small-celled cartilage of the epiphyseal plate is negative (Text-fig. 6). 
The nuclei of the hypertrophic cells are strongly positive and the matrix 
moderately so. At the transition of the small-celled cartilage to the trabecular 
bone of the epiphysis occasional enlarged cartilage cells are seen. These have 
positive nuclei and are surrounded by phosphatase-containing capsules. The 
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cells of the articular cartilage also have heavily staining nuclei and their 
capsules are lined with phosphatase (Text-fig. 7). There are a few patches 
of extracellular phosphatase. In the rat bones only the inner layer of the 
articular cartilage gives a positive reaction, whereas in the mouse bones the 
nuclei are strongly positive throughout its depth. The perichondrium is 
negative. In the diaphysis the fibres and cells of the inner layer of the 
periosteum give a marked reaction. The periosteum of the epiphysis is 
negative as is also the small area of perichondrium at the epiphyseal 

junction. . . c 

At the insertion of the tendon there is a gradual transition from hbro- 
cartilage to tendon tissue (Text-fig. 5 ). The cells of the former are arranged 



Text-fig. 9. High-power view of an osteoclast and surrounding tissues. 
Only the nucleoli and the nuclear membrane are positive. 


in parallel rows. Their size decreases until they finally represent tendon cells. 
The large cartilage cells and their capsules stain heavily. The nucleoli and 
nuclear membranes of the tendon cells stain faintly. 

The bone marrow is not well enough preserved to distinguish the cell types. 
About 75 per cent, of the small cells are strongly positive. The megaloplaxes 

are negative. n . TT 

(b) Kitten (proximal end of femur: PI. 1, fig. 3 > see p. 381). Here the 
epiphysis is completely cartilaginous, no secondary centre of ossification 
having appeared. The small-celled cartilage is devoid of phosphatase. The 
hypertrophic cartilage cells have strongly positive nuclei and some of the 
capsules are well marked by black granular deposits. The concentration of 
phosphatase in the hypertrophic zone is, however , low in comparison with that 
in the bone marrow of the invading spongy bone. The trabeculae nearest the 
eroding zone are faintly positive at the edges, those farther aWay are negative. 
Numerous phosphatase containing osteoblasts similar in appearance to those 
shown in Text-fig. 10 are seen along the trabeculae. The fibroblast nuclei 
and fibres of the periosteum are positive. The endosteum is not as clearly 
defined as was the case in the rodent bones. 
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3. Membrane Bone 

(a) Rat and Mouse. The compact bone is identical in appearance with that 
seen in the cartilage bones, i.e. the matrix is free from phosphatase while the 
Haversian canals and isolated osteocytes near them stain black. 

The periosteum on the external (skin) side is positive while that of the 
internal surface is mostly negative. The strands of connective tissue pene- 
trating the bone or uniting two adjacent bones are positive only in the layer 
close to the bony surface. More marrow spaces were found in the mouse 
than in the rat skull. They are lined by positively staining endosteum. The 
bone marrow again stains intensely. 
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Text-fig. 10. High-power view of osteoblasts lining a bony trabecula. Note the presence 
of phosphatase in the cytoplasm as well as the nuclei, and in the connective tissue fibrils. The 
bone matrix is faintly positive. 


(b) Kitten (vertical section through the frontal: Text-figs. 8, 9, and 10). 
Here membrane bone formation is still in progress. The appearance of the 
trabeculae and osteoblasts is similar to that in the long bones. Osteoclasts 
which only display positive nucleoli and nuclear membranes (Text-fig. 9) are 
often observed at the surface near the inner (brain) edge of the bone while 
osteoblasts occur mainly at the opposite side. Most of the connective tissue- 
cell nuclei are moderately positive, more so in the immediate vicinity of a 
trabecula. In general the concentration of phosphatase is greater towards the 
skin side, i.e. where the majority of osteoblasts are congregated. Very fine 
black fibrijs may be seen in the connective tissue particularly near osteoblasts 
(Text-fig. 10). In some places these fibrils appear to penetrate the newly 
formed trabeculae. 

Discussion 

The number of bones examined being very limited, only preliminary con- 
clusions can be drawn. The following points emerge from a consideration of 
the adult rodent bones as well as the kitten bones : phosphatase is concentrated 
in the endosteum and the periosteum where it appears in fibroblast nuclei and 
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on the collagenous fibres. This agrees with results obtained by Gomori (1943) 
and Bourne (1943), although the latter attributes the positive reaction of the 
periosteum to the capillaries and osteoblasts. The bone matrix itself contains 
no phosphatase except in some newly formed trabeculae where traces of the 
enzyme were detected. This could not previously be shown on account of 
the interference of preformed phosphate. As Bourne (1943) ^ as notet ^> the 
superficially placed osteocytes give a positive reaction. By the present method 
these cells are shown to contain phosphatase not only in the cell-body, but 
also in the fine ramifications which spread out into the bone matrix. The 
lining of the Haversian canals of compact bone is invariably positive as also 
is that of the marrow spaces and the cells contained therein. It seems likely 
that the high concentration of phosphatase in these vascular channels assures 
a constantly high level of inorganic phosphate in any tissue or tissue fluid 
coming in contact with the bone matrix, with which it must be in equi- 
librium. 

The absence of phosphatase from the hypertrophic cartilage cells in the 
kitten ribs is surprising and should be confirmed by further work. In the 
cartilage bones of the rodents the zone of hypertrophied cartilage is positive, 
there being some extracellular as well as high concentrations of nuclear 
phosphatase. Osteoblasts are strongly positive wherever they occur, but this 
fact alone does not constitute proof of Fell and Robison’s (i 9 2 9 > 1 93 °) con- 
clusion that bone phosphatase is secreted by the osteoblasts and hypertrophic 
cartilage cells. As has been shown, most of the bone marrow cells and the 
perichondral fibroblasts contain equally high concentrations of the enzyme. 
What does seem significant, however, is the fact that in zones of active deposi- 
tion of ground substance a certain amount of extracellular phosphatase is 
always found. This is noticeable in the zone of hypertrophic cartilage of the 
rodent long bones as well as in the kitten skull where the osteoblasts seem to 
be surrounded by a web of positive fibres. At points where presumably 
reabsorption of bone is taking place as indicated by the presence of osteoclasts, 
there is no extracellular phosphatase although the nuclei of many mesen- 
chymal cells are positive. Danielli (1946) has suggested that phosphatase 
might only be active (a) in the cell nucleus, (b) outside the cell, the conditions 
of pH and SH in the cytoplasm being unfavourable. The above results seem 
to support this theory, as newly deposited bone-salts are never observed 
in areas where there is no extracellular phosphatase. Nuclear phosphatase 
may be concerned with nucleic acid metabolism (Krugelis, 1946). In any case 
\it is not correlated with the appearance of calcification. Yet although it seems 
impossible for bone-salt to be deposited in normal tissues in the absence of 
extracellular phosphatase the converse is not true : phosphatase is found on 
the fibres of the periosteum which is not itself calcified, and in the fibres of 
healing wounds where it is supposed to play a part in the formation of collagen 
fibres (Fell and Danielli, 1943). The failure of these tissues to calcify in spite 
of the presence of extracellular phosphatase may be related to a lack of 
Robison’s ‘2nd factor’ (Robison, 1930), a condition which makes calcification 
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impossible. Further research into the nature and distribution of this 2nd 
factor’ is needed before the functions of phosphatase can be fully under- 
stood. 
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Summary 

1 . Adult ma mmalian bones may be decalcified in sodium citrate-HCl buffer 
at pH 4 5- The addition of Zn" (10- 4 M) prevents irreversible destruction of 
alkaline phosphatase which is, however, partially inactivated. 

2. The phosphatase is subsequently reactivated by placing the tissues in 
1 per cent, sodium barbitone+o-075 per cent, glycine at 37 0 C. for 2-3 hours. 

3. In this way thin paraffin sections free from preformed phosphate are 
obtained. 

4. Phosphatase is demonstrated by the Gomori -1 akamatsu (1939) technique. 

5. Long bones, ribs, and membrane bone from the skull of adult rats and 
mice and of new-born kittens were examined. 

6. Phosphatase was found to be present in the endosteum, the inner layer 
of the periosteum, the Haversian canals and linings of vascular and marrow 
spaces, the nuclei of bone marrow and connective tissue-cells, and in isolated 
osteocytes. The hypertrophic cartilage was positive in both nuclei and rnatrix 
in the rodent bones but negative in the kitten bones. The bone matrix and the 
small-celled cartilage were negative throughout. 

7. The possible significance of these findings in relation to the function of 
alkaline phosphatase is discussed. 

Postscript 

A paper describing a decalcification technique not unlike the one here 
proposed has recently been published (Greep, Fischer, and Morse, 1947). 
The authors propose the use of citrate solutions at pH 4-8 to 5-0. 1 hey 

state that a slight increase in acidity leads to irreversible loss of phosphatase 
activity. The present paper shows that in the presence of Zn" 10ns solutions 
at pH 4-5 can safely be used. Greep et al. suggest that solutions used for 
washing and dehydrating the tissues after decalcification should be buffered 
at pH 9 3 ‘in order to provide immediately an optimum condition for the 
phosphatase to retain and perhaps regain activity’ (my italics). The fact 
that phosphatase can indeed be reactivated by alkaline solutions, especially 
in the presence of amino acids, has formed the basis of my decalcification 
method and has now been independently confirmed by the work of Greep, 
Fischer, and Morse. 
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Description of Plate i 

All sections are from decalcified bones and are cut at 8 fi. Phosphatase is visualized by 
Gomori’s method. Sites of phosphatase activity appear black. Cartilage is seen on the right 
of the section, bone on the left. 

Plate i, fig . J. Costo-chondral junction from rib of new-born kitten. Two days in citrate 
buffer Incubation time 15 hours. No counterstain. Note the absence of phosphatase from 
the small-celled cartilage including the hypertrophied zone, and the strongly positive vascular 
zone of spongy bone (on left half of the photograph). The edges of the bony trabeculae are 
positive. Phosphatase containing leucocytes are seen in the blood-vessels. The erythrocytes 
are negative. 

Plate 1 fig . 2 . Costo-chondral junction from rib of adult rat. Six days in acetate buffer. 
Incubation time 30 minutes. No counterstain. Note the absence of phosphatase from the 
small-celled cartilage except a few nuclei in the central zone. Nuclei of hypertrophic cartilage 
cells are strongly positive. The inner layer of the periosteum is positive, the compact periosteal 
bone immediately below it is negative. There are a few positive patches in the bony trabeculae. 

Plate J, fig . ?. Longitudinal section through the proximal end of the femur of a new-born 
kitten, showing the epiphysial junction. Seven days in acetate buffer. Incubation time 45 
minutes. Counterstained with eosin. Note phosphatase in nuclei and m some capsules of the 
hypertrophied cartilage cells in the inner layer of the periosteum and in the marrow spaces. 
The periosteal bone is negative. 
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Introduction 

N ILE blue was introduced by Lorrain Smith (1908) for distinguishing 
neutral fats (triglycerides) from fatty acids, the former being coloured 
red, the latter dark blue. Kaufmann and Lehmann (1926) applied the dye 
to a large number of mixtures of lipoids, and concluded that it was of no 
histochemical value at all. Lison (1935 a and h ), after a profound study, con- 
cluded that the red coloration was characteristic of lipoids in general, and the 
blue was merely that of a basic dye and therefore totally unspecific. These 
conclusions supersede those in his book (1936). 

This paper presents evidence that if a substance is known beforehand to 
be lipoid and colours red with nile blue, it consists of neutral lipoids (esters 
and/or hydrocarbons); if it colours blue, it may contain these, but acidic 
lipoids (fatty acids, phospholipines, and perhaps some others) are certainly 
present as well. The presence or absence of cholesterol cannot be established 
with nile blue. 

The term ‘nile blue’ is used throughout to mean the commercial dye, which, 
as Lison has shown, is a mixture of the oxazine sulphate (true nile blue) and 
the oxazone (nile red). 

Materials and Methods 

The tissues and cells examined were : adipose tissue and adrenal cortex of 
the rat, adipose tissue of the mouse, sebaceous glands in guinea-pig skin, and 
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fat-cells and stomach epithelium of the Rhynchobdellid leech Glossiphonia 
complanata (L.). 

Formal-calcium fixation was always used, generally with postchroming as 
for Baker’s acid haematein test for lipines (1946). Sections were cut on the 
freezing microtome, stained in a 1 per cent, aqueous solution of nile blue for 
5 minutes, differentiated in 1 per cent, acetic acid for 30 seconds, washed, 
and mounted in Farrants’s medium. In certain cases a 0*02 per cent, solution 
of nile blue was used. 

Experiments were also carried out on various lipoids in vitro ; these are 
described below. 


Results and Discussion 

I. Observations on tissues 

It was observed that 

(a) the fat droplets in the cells of rat and mouse adipose tissue always 
coloured red with 1 per cent, nile blue, 

( b ) the lipoid droplets in rat adrenal cortex cells (Harrison and Cain, 1947) 
and in the fat-cells of Glossiphonia might be red, blue, or some inter- 
mediate colour, 

(c) the contents of guinea-pig sebaceous glands were always red, and 

(1 d ) the lipoid component of the Golgi body in stomach-epithelial cells of 
Glossiphonia stained deep blue, but went red after very prolonged 
differentiation (Cain 1947). 

There is, then, a definite phenomenon to be investigated. 

II. Examination of Kaufmann and Lehmann's results 

{a) General considerations. Lison (19356) concluded that the red substance 
that colours lipoids was not the free base of nile blue, as had been thought, 
but an oxidation product, an oxazone, which he named ‘nile red’. Smith had 
shown this in his first paper, but his opinion had been disregarded, and he 
found it necessary to restate his views (1911) and insist that the double colora- 
tion was not a case of metachromasy as several authors had assumed. 

The reasons why Smith’s conclusion was not generally accepted were 
because (a) a red substance was readily extractable from aqueous solutions 
of nile blue by shaking with toluene or similar solvents, and (6) no such sub- 
stance could be extracted from solid nile blue. Obviously the red substance 
was produced by hydrolysis, and must be the free base. Lison showed that 
the substance extractable from 1 per cent, or stronger solutions of nile blue 
was the oxazone, as Smith had stated, and that, being, a very weak base, it 
formed salts which were insoluble in toluene and were hydrolysed instantly 
by water. The oxafcone was insoluble in water, but soluble to some extent 
in fairly concentrated solutions of nile blue,' and therefore could be extracted 
with toluene from strong aqueous solutions but not from the solid dye. It 
behaves like any other lipoid-colorant, such as sudan black or Sudan IV, and 


Cain — The Use of Nik Blue in the Examination of Lipoids 385 

cannot be used to distinguish between the various classes of lipoid. Further, 
he showed that, as Smith had also stated, the free base (oxazine) is obtainable 
by extracting a concentrated solution of nile blue until all the oxazone is 
removed, alkalinizing, and extracting again. The solution obtained differs 
from an oxazone solution in the shade of red, and in being without fluore- 
scence. The base is a strong one and readily combines with atmospheric 
carbon dioxide and moisture to give the blue carbonate, which, like the 
sulphate, is soluble in water but not in toluene and similar solvents. The 
intensity of coloration of the oxazine is far less than that of the oxazone, and 
it is the latter that colours lipoids in sections. 

Lison also showed, for the first time, that whereas 1 per cent, or stronger 
solutions of nile blue are not hydrolysed, and the only red substance extract- 
able from them is the oxazone, more dilute solutions are hydrolysed, and a 
mixture of oxazine and oxazone is obtained on extraction. With very dilute 
solutions almost pure oxazine is obtained, the oxazone being almost insoluble 
in them. (I have found a 0-02 per cent, solution satisfactory.) On standing, 
aqueous solutions of oxazine sulphate produce a certain amount of oxazone 

by oxidation. . 

He concluded that since the oxazine sulphate was merely a basic dye, and 
since the oxazone was merely a general lipoid-colorant, the use of the two 
together gave results of no more significance than would any other comparable 
combination, and that nile blue should not be used in histochemistry. 

Nevertheless, such a combination might be used to distinguish between 
those lipoid mixtures that do and those that do not contain substances which 
will take up the blue colour. But Kaufmann and Lehmann (1926) had applied 
nile blue to a large number of lipoids and mixtures of lipoids and concluded 
that it was useless. To simulate tissue sections they enclosed the substances 
to be studied in pith, which was sectioned, stained, and mounted. Lison 
(1936) comments on their results that (a) every time a red colour was obtained, 
the mixture contained triolein, but many mixtures containing triolein were 
blue or uncoloured, and ( b ) 31 cases were observed in which mixtures contain- 
ing free fatty acids (which according to Lorrain Smith should have stained 
blue) were uncoloured, and in 7 cases mixtures with no fatty acids at all were 
coloured blue. 

The results they obtained with pure lipoids are of great interest. Oleic acid 
was blue, triolein red. Palmitic and stearic acids, tripalmitin, tristearin, chol- 
esterol, cholesteryl oleate, lecithin (Merck and Kahlbaum), sphingomyelin, 
phrenosin, and kerasin were all uncoloured. Several of these substances were 
solid at room temperature, but might well have stained in solution. Others 
such as lecithin might be expected to stain even in the solid state. 

A repetition of some of these results was therefore attempted with small 
portions smeared or melted on to coverslips. Since triolein was red, they 
must have used a fairly concentrated solution of nile blue, and a 1 per 
cent, solution was therefore employed. Tristearin and tripalmitin were 
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uncoloured, stearic and palmitic acids very faint blue, nearly white, chole- 
sterol uncoloured. All these were solid. Cholesteryloleate, which was greasy, 
was pink, and lecithin exceedingly dark blue. It is probable that Kaufmann 
and Lehmann obtained no result with lecithin because their method of 
impregnation of pith was not suitable or because it escaped from the 
sections. On warming tripalmitin with nile blue solution, it coloured red 
on melting. Triolein and tributyrin, being liquid, coloured red at room 
temperature. 

From these experiments it is seen that Kaufmann and Lehmann’s results 
require reinterpretation. In the first place, lecithin (and therefore perhaps 
other phospholipines) stains an exceedingly dark blue. In the second place, 
a negative result may mean merely that the mixture was solid. 

(b) Blue-staining mixtures containing triolein. If the properties of mixtures 
of lipoids were the sum of the properties of their components, it should be 
possible to prophesy the result of staining with nile blue from data on pure 
substances. In view of the blue-staining properties of lecithin and the possi- 
bility that fatty acids other than oleic may stain in solution, the apparent 
exceptions among Kaufmann and Lehmann’s results require re-examination. 
There are 46 cases in which mixtures are not coloured red, although triolein 
is included. Of these, 35 contained oleic acid (which is known to stain blue) 
and the result obtained was blue, or in one case violetblau. Of the rest, 5 
contained lecithin, 1 phrenosin, and 1 kerasin, and all were coloured blue. 
It is interesting that phrenosin and kerasin seem to behave like lecithin. 
Baker (1946) noted that galactolipine varied in the response given to his test 
for lipines, and suggested that pure galactolipine did not respond. It is well 
known that the complete separation of galactolipine from sphingomyelin is 
very difficult, and sphingomyelin resembles lecithin and cephalin in contain- 
ing phosphoric acid. Possibly the samples used by Kaufmann and Lehmann 
were not quite pure. The remainder of the exceptions are : 

(Ai) triolein and cholesterol — blue; 

(A2) triolein and glycerol — part red, part blue ; 

(A3) triolein and cholesteryl oleate — violettros\ and 

(A4) triolein, cholesterol, and lecithin— part red, part uncoloured. 

The second might have been expected, perhaps, as solid nile blue will dissolve 
in glycerol to give a blue solution. The third is at least reddish. But the first, 
is wholly unexpected, and obviously requires confirmation. 

It was tested in the following ways : 

(i) A test-tube was half-filled with 1 per cent, nile blue solution, and some * 
triolein run in. After shaking, the triolein layer was red. Cholesterol 
crystals were then dissolved in it until it was saturated. Even after 
prolonged shaking, it remained red, though with a change in tone 
towards cherry-red. The same result was obtained on repeating the 
experiment with xylene or tributyrin replacing triolein. 
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(ii) Nile blue dissolves in acetone, giving a blue solution with a distinct 
red tinge. Saturation of an acetone-nile blue solution with cholesterol 
produces no change in colour. 

(iii) Addition of cholesterol to a solution of the oxazone in xylene has no 
effect on the colour. 

' (iv) Addition of cholesterol to a xylene solution of the free base (oxazine) 
changes the colour from a clear to a dirty, rather opaque red. 

(v) Solid cholesterol, as shown above, does not stain with nile blue. 
Melted cholesterol colours bright orange-yellow with solid nile blue. 
As it crystallizes, the colour changes very abruptly to blue. 

From these experiments it appears that cholesterol in solution is inert towards 
nile blue, and melted cholesterol acts only as a solvent. As was expected, 
there appeared to be no combination. One is forced to the conclusion that 
at least in this particular case either the cholesterol or the triolein used by 
Kaufmann and Lehmann was impure, or both were. 

The fourth exception given above is also very interesting, as it seems to 
show that the presence of lecithin is not sufficient to ensure that a mixture 
will stain blue. In this case, a positive result was obtained with the Smith- 
Dietrich test at 6o° C. and with Schultze’s test for cholesterol, so apparently 
both lecithin and cholesterol were present in the mixture. The five mixtures 
that contained triolein and lecithin and stained blue were : 

(Bi) triolein, palmitic acid, and lecithin, 

(B2) triolein, stearic acid, and lecithin, 

(B3) triolein, stearic acid, cholesterol, and lecithin, 

(B4) triolein, tristearin, cholesterol, and lecithin, and 
(B5) triolein, cholesterol, glycerol, and lecithin, 

the last being coloured blue or purple. The blue coloration of the fourth can 
only be attributed to lecithin or impurities, but in the case of the first three 
it is possible that the fatty acids may colour in solution in triolein. 

On adding palmitic acid to a xylene solution of oxazone, there was no 
change of colour. On adding a few c.cm. of 1 per cent, nile blue solution 
and shaking, the colour of the xylene layer became a reddish purple. The 
interpretation of this result is that xylene, like triolein, will dissolve from 
1 per cent, nile blue only the oxazone, which will not form a salt with a 
fatty acid. The fatty acid does form a blue salt with the oxazine, and this 
then dissolves in the xylene layer, turning its colour towards blue. Now 
Lison (19356) showed that there is very little free oxazine m 1 per cent, 
nile blue, but a considerable amount in more dilute solutions. Shaking a 
very dilute solution of nile blue with a xylene solution of palmitic acid 
should therefore cause the xylene layer to be coloured blue, and this is 
found to be the case. Addition of a fatty acid to a xylene solution of free 
/waging produces an intense blue immediately. 

2421.3 d d 
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From these results it appears that the staining blue of the first three mixtures 
(Bi, B2, and B3) is more likely to be due to lecithin than to the fatty acids, 
as Kaufmann and Lehmann used a strong solution of nile blue. The only 
conclusion possible with respect to mixture A4 above is that the results of the 
Smith-Dietrich test are not necessarily relevant to the results obtained with 

nile blue. ..... ... , 

Since glycerol gives a blue solution with solid nile blue, it is possible that 

mixture B5 might be accounted for without invoking lecithin. B4 requires 
examination, as it contains tristearin. 

On dissolving tristearin in xylene or tributyrin solutions of either oxazine 
or oxazone, no change in colour was produced, nor was any blue imported 
into the xylene layer on shaking xylene solutions of triglycerides with strong 
or weak nile blue solutions. Melted triglycerides coloured red with 1 per 
cent, nile blue, and were almost uncoloured with 0*02 per cent, solutions. 

It seems unlikely, then, that the blue colour of B4 can be attributed to any- 
thing but lecithin or impurities. The Smith-Dietrich test for this mixture 
gave a positive result, but so it did for mixture A4. 

(c) Red-coloured mixtures containing triolein. The mixture (A4) of triolein, 
cholesterol, and lecithin which was partly red and partly uncoloured has 
already been mentioned. On a mixture of triolein and lecithin which coloured 
red Kaufmann and Lehmann comment blaszt bald ab , yet this mixture gave 
a positive result with the Smith-Dietrich test at 6o° C. and therefore might 
have been expected to stain blue. It seems impossible to correlate the results 
of different tests upon the same mixture. 

On adding lecithin to a xylene layer over 1 per cent, nile blue and shaking, 
the xylene went from red to blue. On dissolving lecithin in a xylene solu- 
tion of oxazone, there was no change in colour, but with an oxazine solution 
there was an immediate change to blue. 

Apart from the two mixtures just mentioned, ten cases of red coloration of 
mixtures containing triolein, exclusive of those giving purple or other inter- 
mediate tones, were observed by Kaufmann and Lehmann. Of these, only 
one (C9 below) contained oleic acid. They were: 

(Ci) triolein and palmitic acid, 

(C2) triolein and stearic acid, 

(C3) triolein, palmitic acid, and cholesterol, 

(C4) triolein, stearic acid, and cholesterol, 

(C5) triolein and sphingomyelin, 

(C6) triolein and glycerol (part red, part blue), 

(C7) triolein, stearic acid, and glycerol, 

(C8) triolein and albumen, 

(C9) triolein, kerasin, and oleic acid, 

(Cio) triolein and cholesteryl stearate. 
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The first four are explicable if the mixtures were tested with a strong solution 
of nile blue. The tenth is to be expected if cholesteryl esters behave like 
triglycerides. 

On dissolving cholesteryl acetate or stearate in solutions of oxazone or 

oxazine in xylene, no change in colour was produced. These esters do 

behave like triglycerides. 

The rest, except C9, are not surprising, but as confirmatory experiments on 
sphingomyelin, phrenosin, and kerasin could not be done, no definite com- 
ments on them can be made. The only explanation for C9 is that there must 
have been very little oleic acid present. 

No mixtures were coloured red that did not contain triolein. 

(d) Other mixtures , blue- stained or uncoloured. Forty- two mixtures are 
stated to have been uncoloured, one is recorded as fugitive, and two (men- 
tioned above) as occasionally uncoloured. Such mixtures as tripalmitin and 
palmitic acid, tripalmitin and stearic acid, palmitic acid and tristearin, 
palmitic acid and cholesterol, or tristearin and cholesterol one would expect 
to be uncoloured, as they are solid at room temperatures. Others are more 
surprising. Such mixtures as palmitic acid and lecithin, stearic acid and 
lecithin, tripalmitin and lecithin, and stearic acid with tristearin and lecithin, 
might be expected to stain at least superficially. Again, in the absence of 
confirmatory observations on pure sphingomyelin and galactolipines it is not 
possible to comment on some mixtures. 

Considering only mixtures containing fatty acids, in twenty-three cases in 
which there was no coloration it is likely that the mixture was solid and could 
not take up the stain. In only one case, a mixture of oleic acid and kerasin, 
was there no coloration when it might reasonably have been expected. This 
same mixture gave a positive result with the Smith-Dietrich test at 6o° C. 

III. Discussion 

It is seen from the above examination of Kaufmann and Lehmann’s results, 
and the supplementary experiments, that in one case at least there is doubt 
as to the purity of the substances used by these workers, and that correlation 
of the results obtained by different tests on the same mixture is difficult. 
Most of the results, with some exceptions (one of which is directly contra- 
dicted by in vitro experiment) are consonant with the following propositions : 

(a) Substances in the solid state (except greases) do not colour in any way 
with aqueous solutions of nile blue. 

(b) Triglycerides, liquid or dissolved in hydrocarbons or other tri- 
glycerides, are coloured red, if pure, by the oxazone or, much less 
intensely, by the free base (oxazine). 

(c) Fatty acids if liquid colour blue with solutions of oxazine or dilute nile 
, blue solutions. With strong solutions of nile blue, only a slight change 

towards blue is seen except with oleic acid which colours fairly strongly. 
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(d) Lecithin (and perhaps all phospholipines) stains deep blue when solid. 
It has no effect on oxazone solutions, turns oxazine solutions blue, an 
colours blue with weak or strong aqueous solutions of mle blue. 
Cholesterol in solution (in fat-solvents) is inert towards rule blue, and 
the solution will not dissolve nile blue sulphate. 


(e) 


In connexion with the last proposition it is interesting to note that acetone 
and ethyl alcohol will dissolve the sulphate, but terpineol behaves like 
cholesterol and its esters, triglycerides, xylene, toluene, benzene, carbon 

dlS The h principles underlying these propositions are that neutral lipoids will 
dissolve out of aqueous solutions of nile blue only the oxazone and free base 
(the latter not being present in appreciable quantities in i per cent, solution) 
but acidic lipoids will dissolve the oxazone and combine with the free base 
to give blue compounds which are soluble in lipoids and may mask the red 
coloration due to the oxazone. Alcohols act as solvents the water-so uble 
ones dissolving oxazine, oxazine sulphate, and oxazone, the other dissolving 

only the oxazine and oxazone. . , , , . „„„ 

It will be noted that only lecithin and oleic acid will colour blue to any 
great extent with i per cent, solutions of nile blue. Oleic acid is of the order 
of strength of stearic and palmitic acids, but thesereqmrethefreebase.n 
quantity to colour well. In view of the intersolubility of lipoids, the great 
difficulty of preparing them pure except by synthesis, and the natural origin 
of most oleic acid, it is possible that the samples used contained a certain 
amount of lipine and so could colour blue even with i per cent, solutions. 
Alternatively, it is just possible that a small amount of oxazine sulphate can 
dissolve in oleic acid and so colour it. Certainly, the intensity of staining of 
lecithin appears much greater than that of oleic acid, which makes it probable 
that lipoids staining blue in tissue sections with i per cent, mle blue contain 
lipine. However, this cannot be used yet to give histochemical conclusions. 

To make full use of nile blue one must employ both the oxazone and the 
oxazine. The former is the intense colorant for lipoids, the latter the reagent 
for fatty acids. Further, the lipoids under investigation must be liquid. 1 he 
following procedure is suggested : 


(i) Fix in formal -calcium, with or without postchroming. 

(ii) Cut sections on the freezing microtome. 

(hi) Colour one section in sudan black, to define the lipoids present. 

(iv) Stain one section in i per cent, nile blue at 60° C. or at 37 0 C , for 
5 minutes, wash quickly in water at the same temperature, and dif- 
ferentiate in 1 per cent, acetic acid for 30 seconds, still at the same 
temperature. (It is necessary to work at the same temperature 
throughout, otherwise some lipoid may entrap a small amount of 
stain in crystallizing, and this will not be removed by washing and 
differentiating.) 
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(v) Mount in Farrants’s or some similar medium. This section will show 
what lipoids will colour blue with 1 per cent, nile blue. 

(vi) Repeat with another section and immediately after staining restain in 
a 0*02 per cent, solution of nile blue at the same temperature, then 
wash, differentiate, and mount as before. Comparison of the two nile 
blue sections should then indicate where in the tissues fatty acid is 
to be found, if there is any other than oleic acid present. 

If there is no observable difference between the two sections, then the first 
may be dispensed with, as what will stain blue with 1 per cent, nile blue will 

stain with the 0-02 per cent, solution. 

There are certain points to be noted when interpreting results. In the first 
place, only purely lipoid inclusions can be considered. Nile blue sulphate is 
a basic dye, as Lison has reminded us, and is not in the least specific for 
lipoids. It will stain most elements of a tissue, and it is not possible to dis- 
tinguish between blue-stained lipoids and other substances by prolonged 
differentiation. It is true that lecithin is still deep blue after 24 hours’ 
differentiation, which may be useful at times as an indication, but some dcidic 
proteins are also still stained after this period. There is still a faint blue in 
nuclei, for example. It is not permissible to prepare sections for Baker’s acid 
haematein and pyridine extraction tests, stain them in nile blue, and compare 
them. The pyridine, perhaps because it is a strong base, has a definite 
depressant effect on staining by nile blue sulphate in regions where no lipoid 
can be shown by Sudan black. The only safe method for determining whether 
a body is purely lipoid is to colour pyridine-extracted sections with Sudan 
black and see if it has been completely removed. If not, no conclusion can 
be drawn from results obtained with nile blue, unless it can be shown that 
the residue after extraction with some other lipoid-solvent will not stain blue, 
or will do so only with markedly reduced intensity. Also, if a body will colour 
only red with nile blue, it does not necessarily mean that acidic lipoids are 
completely absent. But, of course, if a blue-stained body can be turned red 
by prolonged differentiation, that is proof that lipoid is present. This method 
has been used (Cain, 1947) to apply the oxazone in an aqueous medium to 
a structure in which the use of the enormously powerful and opaque Sudan 
black showed no details at all. The oxazone did not render the body opaque, 
and so revealed some details of its construction. Finally, such lipoid in- 
clusions as cholesterol crystals will not liquefy at 6o° C. and cannot be 
examined with nile blue. 

My thanks are due to Dr. J. R. Baker, who has supervised the work set 
out in this paper. 

Summary 

Nile blue, introduced by Lorrain Smith for distinguishing between neutral 
fats (triglycerides) and fatty acids, was considered by Lison to be of no histo- 
chemical value except that the red coloration was specific for lipoids in 
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general. This conclusion was based principally on Lison’s own researches, 
and in part on those of Kaufmann and Lehmann. 

Reinvestigation has shown that some of Kaufmann and Lehmann’s results- 
are of doubtful value and all require careful interpretation, but in general 
these and other results lead to the conclusion that nile blue can be used to 
distinguish neutral lipoids (esters and hydrocarbons) from acidic lipoids 
(phospholipines and acids). Cholesterol is not detected. 

A method for using both the oxazine and oxazone of nile blue is described,, 
which has greater sensitivity to acidic lipoids. 
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The Developmental Cycle of Botrylloides 

BY 

N. J. BERRILL 

{McGill University , Montreal) 

With five Text-figures 

O F the many studies made on ascidians in the past, few have included the 
organism in its entirety. The present account is of the whole develop- 
mental cycle of an organism exhibiting exquisite timing in its four-dimen- 
sional relationships, with an interpretation of a colonial organism as the result 
of a few interacting processes. A comparison of Botrylloides with Botryllus 
affords some analysis of the nature of differences of generic magnitude, as 
modifications of several basic activities. 

Botrylloides is an ascidian so clearly related to Botryllus that it has often 
been relegated to the status of a subgenus of that form. Only a few species 
are known and species differences are very small indeed. The type discussed 
here is Botrylloides leachi Savigny; others are B. diegense of the North 
American Pacific coast, stated by Van Name (1945, p. 230) to be an extremely 
close ally of B. leachi , B. aureum , a more northern form differing mainly in 
the position of the sperm duct opening and in colour range, and B. nigrum of 
the West Indies that personal investigation has shown to be essentially the 
same as B. leachi except for colour range. Species of the genus Botryllus are 
almost equally restricted in number and order of differences, except that in 
two species the number of rows of stigmata is reduced to four. We can 
accordingly speak in the more general terms of reference to the genus Botryl- 
loides and the genus Botryllus and to the nature and origin of the generic 
differences between them. Most of the peculiarities of Botrylloides represent 
specializations of features present in Botryllus , and with some reserve the 
assumption is made that there has been an actual evolution from Botryllus 
itself, the latter showing little evidence of independent specializations of its 
own, and there seems to be no need to introduce a hypothetical common 
ancestor significantly different from it. 

Structure of Zooid 

The zooid structure is in general similar to that of Botryllus zooids and, 
apart from the nature of the atrial siphon, very much like zooids of Symplegma 
(Berrill, 1940). In all three the branchial sac is secondarily simple, the four 
folds typical of the Polystylidae being reduced to three, and each fold repre- 
sented by a single internal longitudinal vessel. Likewise the gonads, charac- 
teristically scattered as polycarps over the atrial wall, are present as a single 
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hermaphrodite unit on each side. The branchial sac opens into the looped 
digestive tube, of which the stomach possesses longitudinal hepatic folds. The 
heart is compact and lies on the opposite side close to the base of the endo- 
style. The peribranchial sacs, diverging from the atrial chamber along the 
left and right sides of the branchial sac, extend beyond the abdomen to meet 
posteriorly, though without fusing. In consequence, all the visceral organs 
are separated from circulating sea-water by a simple epithelial membrane. 

The distinctive features of the Botrylloides zooid are the more elongate 
shape of the branchial sac, due to relatively more rows of stigmata and fewer 
stigmata per row, the wide atrial siphon, the orientation of the gonad, the 
ovary being ventral instead of lateral to the testes, and the placental connexion 
with the solitary developing embryo on each side (fig. i b, c). 

Atrial Siphon and the Formation of Systems 

In Symplegma atrial siphons are not hypertrophied relative to the branchial 
siphons, and no systems are formed. In Botryllus the atrial siphons are 
enlarged and conical, and buds developing adjacently to one another orientate 
in the final stages to form typical star-shaped systems, the narrow ends of 
the atrial cones opening into the common cloacal chamber of each system. 
In Botrylloides the atrial siphon exhibits a greater range of form. In very small 
individuals, of the first few asexual generations, the atrial siphons are no 
larger than the branchial, and no systems are formed. When somewhat 
larger, conical siphons develop and there is a tendency to produce star-systems 
as in Botryllus . In mature Botrylloides colonies, however, two types coexist, 
square-edged forms that can inevitably form only ladder-like systems, and 
conical forms that comprise the ends of the separate ladder systems. The two 
together account both for the existence of the ladder system and its limits, 
while the progressive change in size and form of the atrial siphon seems to be 
a typical case of relative growth (fig. i a). 

Budding Cycle 

Buds are formed in Botrylloides at the same place and stage as in Botryllus . 
At the stage when stigmata are visible merely as imperforate rows, a bud disk 
appears on each side mainly involving the atrial epithelium. When the parent 
bud is almost half-grown, its buds already exhibit the principal morpho- 
logical divisions, namely, the branchial, peribranchial, neural, and ovarian 
units. When fully grown and just functioning, a zooid bears buds that are 
a little younger than the stage at which the subsequent bud generation 
appears. In the final phase of bud growth, which is primarily one of cell 
growth and differentiation, in contrast to cell proliferation, the bud draws so 
heavily on the nutritional supply from its parent that the latter undergoes 
resorption (fig. i b). 

There is accordingly a very definite cycle of bud initiation, development, 
and growth, followed by a period of survival as a functional organism, ending 
when the buds of the next generation attain in turn their functional maturity. 
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Text-fig. i. 


a. Upper surface views of zooids isolated and arranged in a system, showing correlation 
between size and shape of the atrial siphon and relation to pattern of system, the central 
figure representing the condition in the first blastozooid generation. B, c. Two zooids 
from mature colonies showing coexistence and stages of three bud generations in each 
case. In b the functional zooid is atrophying and about to liberate fully developed tad- 
poles by rupture, its bud (&"') has perforating stigmata, has a testis on its left side and 
testis plus ovary on the right, and carries a bud (b') of the next generation on its right side 
(cp. text-fig. 2 c). c shows functional zooid with testis and young tadpole within brood 
pouch, bud (6*) of next generation on its left side with non-perforate stigmata and testis 
and ovary, together with its own bud ( b ) in late disk stage. 
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The whole cycle is constant in time for any given temperature, and every 
stage in the cycle is correlated with an equally well-defined stage of the preced- 
ing and, in later stages, of the succeeding generation. As in Botryllus , small 
buds and large buds develop at approximately the same rate and endure as 
functional zooids for the same period, this last being 8 or 9 days at a tempera- 
ture of i6°-i7° C. 

Bud Development 

Buds arise from the atrial wall on either side, about midway along the 
antero-posterior axis and somewhat toward the ventral side. They appear at 
a precise stage in the development of the parent zooid, when stigmata rows 
are represented by imperforate bands of tissue, and arise first as disks of 
thickened atrial epithelium immediately anterior to the testes. When first 
discernible the bud disk is three or four cells in diameter, but in the case of 
those destined to become sexually mature zooids, the disk grows as such until 
there are about twelve cells in optical section. Then the disk, together with a 
corresponding ^irea of overlying epidermis, arches progressively until the two 
layers form an inner closed sphere of atrial epithelial cells and an outer epi- 
dermal sphere connected with the parent epidermis by a narrow stalk. At this 
simplest of morphological stages, two features suggest that the simplicity of 
pattern is more apparent than real, for an ovum, if one is to be produced at 
all, is already segregated from the wall of each side of the inner vesicle, while 
the distal region of the epidermal vesicle shows a slight bulge foreshadowing 
the ampulla which eventually attaches the bud to the colonial vascular system. 
This last feature may, of course, be merely a response to the local impinging of 
the blood-stream circulating between the two vesicles, inducing a local epi- 
dermal outgrowth (fig. 2 a, b). 

As the bud grows in size, the inner vesicle, when two to three times its 
original diameter, exhibits all the primary morphological divisions in the form 
of infoldings and outpushings. A pair of lateral folds, commencing anteriorly, 
divide the primary vesicle into a central pharyngeal chamber and two lateral 
atrial chambers. Dorsally a median evagination forms the neural complex, 
while posteriorly two evaginations form the rudiments of the heart and the 
digestive tube. At the same time the epidermal ampulla foreshadowed earlier 
has grown and fused with the nearest adjacent vessel of the colonial vascular 
system (fig. 29). 

This stage grows without marked change other than differentiation of the 
established units until it is several times as large. The heart becomes cut off 
as a closed vesicle, the intestinal evagination lengthens to form the gut loop, 
and the midventral band of the pharynx differentiates as endostyle. 

The next critical stage is that in which the rows of stigmata are indicated by 
imperforate transverse bands and the buds of the next generation appear as 
atrial disks. The new buds follow the course just described, the parent bud 
continuing to grow until several times as large, to attain functional differentia- 
tion with little further morphological change (fig. 2 e). 
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Initial Bud Size and Development 

The relationship between the initial size of buds as represented by the 
maximum disk stage and the size of subsequent stages including the final one 



Text-fig. 2. Development of bud. 

A. Bud disk at maximum stage showing epidermal and atrial layers, b. Bud sphere with 
ovum already segregated from wall of inner layer, c. Young bud with ova segregated 
on each side, ampullary outgrowth attached to colonial vascular system, and inner vesicle 
folding to form pharyngeal and atrial divisions and neural, cardiac, and intestinal out- 
growths. D, e, and F. Three later buds of different size but identical stage showing 
correlation of absolute size with presence of one or two buds, and variation in gonads. 

is direct, and similar to that reported for Botryllus (Berrill, 1940). Three 
sizes of equivalent stages from a single colony and belonging to the same bud 
generation are shown. All possess maximal bud disks of the new generation, 
and stigmata are recognizable but not perforate. The bud developing from 
the smallest disk has its own bud disk only on its right side and has no trace 
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of gonads. In the case of the disk of intermediate size, the bud has developed 
atrial disks and also rudimentary testes on each side, but no ovaries (fig ' 2 D, e). 

The largest disk has produced a maximal bud of the same stage, with bud 
disk, testes, and ovary on each side. The testes are destined to become func- 
tional and consist of several follicles. The ovary consists of one large pvum, 
and several rudimentary ova which do not grow and eventually degenerate 
and disappear (fig. 2 f). 

These differences are correlated with the size of the bud during the trans- 
formation from the disk to the closed vesicle stage, when the large ova and, 
immediately following, the parental testis and small ova cells are segregated 
from the vesicle wall. Limitations of size below certain values prohibit such 
segregation and lead to the results exhibited in the small-disk buds just 
described. 

Double Buds 

Double buds frequently are formed during the development of maximal 
buds in well-nourished colonies, apparently on the right side only. They aiise 
from the division of a single rudiment during th$ late disk stage, one member 
of the pair forming a maximal bud (and zooid) similar to the bud on the left 
side, the other always smaller and rarely producing ova or functional testes. 
The inequality comes from the division of a rudiment of somewhat pear- 
shaped area, a large and small circular bud area deriving from the large and 
small ends respectively. All buds, large or small, of the same generation, 
complete their development and function simultaneously. 

Gonads and Placentation 

There has been considerable discussion concerning both the nature of the 
ovary and of the placenta, different descriptions and interpretations having 
been presented by Arnback (1923) and by Garstang and Garstang (1928). 

According to Arnback, 

‘a brood pouch develops on each side of the body to receive the embryos. The 
brood-pouch is of globular form and is a diverticulum of the peribranchial cavity. 
The oviduct opens into the brood pouch. The embryos undergo their larval 
development in these uterus-like pouches, in which also fertilization takes place. 
The egg passes through the oviduct into the brood pouch ; before entering the latter 
the outer follicle has been thrown off, forming a corpus luteum-like structure that 
lies in the mesoderm and soon degenerates.* 

Garstang and Garstang describe the same thing very differently. 

‘When the egg is ready for fertilization the outer follicle grows out towards the 
atrial epithelium as a short thick tube. The duct is probably the homologue of the 
oviduct of other ascidians, but here it functions simply as a fertilization duct. The 
eggs are not shed into the atrium. Development takes place in situ , that is, the larvae 
are found between ectodermal and atrial walls, in a blood space. . . . The larvae are 
surrounded by the inner and outer follicles. . . . When a larva is almost ready for 
emergence, both follicles and the atrial epithelium lying close against them are 
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Text-fig. 3. Placental brood pouch. 

A. Reproductive complex with anterior bud (at sphere stage), median testis, and posterior 
ovary consisting of single ripe ovum about to enter brood pouch. B. Developing ovum 
with germinal vesicle and follicle layer, reduced oviduct, and brood pouch, c. Early stage 
ip development of brood pouch from young bud without sign of gonad, d. Similar stage 
of brood pouch adjacent to young oocytes, e. Section through functional brood pouch 
and contained embryo, f. Higher magnification of layers of brood jpouch and embryo. 
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broken through and the larva slips into the atrium. Botrylloides has remarkably 
little yolk in its eggs, but throughout the embryonic stages, up to the time when the 
larva frees itself from the follicle, a small tube is invariably present, which connects 
the outer with the inner follicle. This tube is formed of cubical cells, with clear 
rounded ends projecting towards the lumen — very like the cells of the outer follicle. 
At its outer end the tube opens into the bloodspace surrounding the larva, and as this 
is continuous with the visceral blood-space of the parent, something like a placental 
communication is established, though the exact way in which nourishment is trans- 
mitted is obscure. In Botryllus there is no such tube, and no need of it, because the 
eggs are provided with a good deal of yolk/ 

Commenting on Arnback’s account, they suggest that the Plymouth variety 
of Botrylloides is more specialized for vascular nutrition than the Swedish 
variety described by Amback. 

Both interpretations suffer from being based on insufficient material. All 
structures described by Arnback and Garstang and Garstang have been 
identified in Plymouth material, but the account given below confirms and 
goes beyond that of Arnback. 

Shortly before the egg' matures it is seen to possess both inner and outer 
follicle layers, with the germinal vesicle on the side nearest the atrium, and a 
short oviduct adjacent to that side. This condition is very similar to that of 
Botryllus at the same stage. In Botryllus , somewhat later, the egg emerges 
through the oviduct into the atrium but remains attached by a cup-shaped 
fold of the atrial wall at the site of emergence, at least until the completion of 
gastrulation. In Botrylloides a flask-shaped invagination of thickened atrial 
epithelium comes into contact with the oviduct and ovum before maturation, 
with the passage to the atrium narrowly constricted. This is in conformity with 
Arnback’s description (fig. 3 a, b). 

Subsequently the ovum, immediately following the attainment of functional 
activity by the developing zooid as a whole, ruptures the outer follicle, enters 
the oviduct and then the atrial involution. This also confirms Arnback, 
although the discarded outer follicle has not been seen. 

These events occupy a very short while, probably not more than 2 or 3 
hours. This is a relatively brief part of the whole cycle, and Garstang and 
Garstang apparently missed the critical period. All the zooids in any one 
colony are at the same stage and progress in unison through the cycle. 

What actually occurs is that the ovum, upon rupturing the follicle, matures 
and becomes fertilized as it reaches the atrial brood pouch. It retains its 
inner follicle with basal chorion, together with the so-called test cells in the 
perivitelline space. Fluid accumulates between the embryo (with its mem- 
brane or chorion) and the lining of .the brood pouch so that the pouch becomes 
distended. As it swells it protrudes both out from the body-wall of the zooid 
and into the atrial cavity, and in so doing the neck of the pouch which 
originally communicated with the atrial cavity becomes compressed, with its 
lumen obliterated and the atrial connexion lost. The inner end of the neck 
remains close to the egg membrane, so that it becomes virtually invaginated 
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in the expanding pouch. It has almost but not entirely the appearance of a 
duct and is the placental tube of Garstang and Garstang. Accordingly the 
structure is a relic of no further functional significance and there is left the 
problem of the origin and nature of the pouch proper (fig. 3 e). 

The pouch arises in the beginning as a thickening of atrial epithelium 
during the early development of the bud, at about the same time as the 
appearance of the stigmata anlagen and the bud disks of the next generation. 
The thickening, which represents local growth, appears adjacent to the ovary, 
but as far as can be determined it develops at least to some degree even when 
no ovary is present, and accordingly is not a dependent formation (fig. 3 c, d). 

The columnar nature of the epithelium is retained throughout its existence 
into the functional state. In a brood pouch containing a developing embryo 
the lining cells are high columnar, vacuolated, rich in secretory granules, and 
appear to have plasmodial ends. They clearly secrete d coaguable substance 
into the interior of the pouch. Throughout the period of development of 
the egg the fluid increases and the pouch becomes more and more 
distended (fig. 3 E, f). 


Embryonic Development 

Basically the development of the egg of Botrylloides is like that of Botryllus 
up to and including the tadpole stage, with two obvious differences. These 
are the relatively small size of the Botrylloides egg, and the relatively large and 
precociously formed space formed within the archenteron and between the 
endoderm and ectoderm. These two features appear to be associated with the 
extra-embryonic nutrition, the pressure of the external fluid invading the 
embryo and in a sense producing an oedema between the layers, and the 
external nutrition compensating for reduction in egg size to produce the same 
end result. Actual nourishment of the developing embryo by the secretory 
lining of the brood pouch is, of course, not proven, and further investigation 
along physiological lines is desirable. There is, however, an active secretion 
towards the embryo, and there is the fact that the smaller egg, which is also 
the less yolky, develops as far as that of Botryllus. 

The egg cleaves in typical unmodified ascidian manner, the eight-cell stage 
consisting of two tiers of four cells arranged in bilateral pattern as described 
by Conklin (1905) for Styela. Gastrulation takes place between the sixth and 
seventh cleavage. Subsequent development up to the tadpole stage, apart 
from the extensive intertissue spaces, is similar to that of Botryllus and has 
been adequately described by Garstang and Garstang (1928). These authors, 
however, describe hatching as a breaking through of the embryo into the 
atrium, but there seems to be little evidence of this. In fact the tadpole is 
relatively so large that it would in any case be a matter of great difficulty to 
escape in that way, and also the parent zooids are usually commencing regres- 
sion at the time. Rupture of the external wall of the brood pouch liberating 
the tadpole directly into the common cloacal cavity appears to be the usual 
method employed (fig. 4 a-g). 
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A. Lateral view of trunk of tadpole of Botrylloides showing preoral lobe ringed by epidermal 
ampullae, sensory vesicle with nerve-strand passing to dorsal side of tail, protostigmata, 
and digestive canal, b. Enlarged sensory vesicle showing single-celled otolith penetrated 
by light sensitive neurons to form photolith. c. Cross-section of tail showing 3 muscle- 
cells on each side. d. Anterior view of tadpole showing central lobe and ring of 8 
ampullae, e. Ovum and oviduct of Botryllus for comparison. F. Gastrula of Botryllus 
supported by fold of atrial lining, o. Vertical section through young bud of Botrylloides 
showing atrial bud disks, heart, digestive canal, and pharyngeal and atrial components of 
developing gill slits (stigmata). 
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developing from large eggs and is in contrast to the 90 0 rotation typical of 
all large-egged entergonids, e.g. Amaroucium , Perophora , &c. The avoidance 
of rotation, as in related forms, is due to the oblique curving of the tail 
around the developing trunk so that torsion is not applied to the congested 
tail fin (fig. 4 f). 

The sense organ is a ‘photolith\ an organ first described for Botryllus by 
Caswell Grave (1924) and so named by Garstang and Garstang (1928). It 
arises in the late development of the tadpole as a typical unicellular otolith. 
Later still, in fact almost belatedly, several adjacent neurosensory cells from 
the wall of the sensory vesicle grow in towards it and penetrate deeply into the 
mass of pigment. As in Botryllus , the tadpoles are both light- and gravity- 
sensitive in consequence (fig. 5 A, b). 

Within the trunk the essential ascidian structure is well established, includ- 
ing endostyle, closed siphons, a vertical row of well-perforated protostigmata 
on each side, and a more or less differentiated digestive tube. Anteriorly there 
is a relatively wide and short stalk, the pre-oral lobe of Willey (1894), on 
distal surface of which the three simple adhesive organs are formed. There is 
some doubt whether these organs are active in their normal function of attach- 
ing the tadpole when it first settles. The central stalk with its adhesive 
organs is surrounded by a ring of eight epidermal ampullae that in any case 
form the permanent organ of attachment, and the ampullae appear more able 
to assume this function at the time of settling of the tadpole than at the com- 
parable time in Botryllus (fig. 5 d). 

The active free-swimming period is on an average about 1 hour, with 
approximately 10 per cent, of the tadpoles remaining active as long as 12 
hours. One day after the settling the siphons are prominent and the first 
blastozooid is visible as a small vesicle. At the end of the second day, the 
heart is beating, the siphons contractile, and the cilia of the gill slits just 
becoming active. As seen from the right side there are eight long protostig- 
mata extending across the width of the branchial sac. The eight ampullae 
more or less radiate from beneath the base of the endostyle over the substratum. 

The oozooid survives in an active condition for about a week, when it 
resorbs as the first blastozooid grows into functional activity. There is usually 
but one blastozooid of this generation, that of the right side, the one on the left 
usually starting to develop during metamorphosis but remaining abortive and 
disappearing. The ampullae of the oozooid survive the resorption process 
and link up with the ampullary vascular system of vessels established during 
succeeding blastozooid generations. The ampullae are independently con- 
tractile and aid in maintaining the colonial circulation (cp. Bancroft, 1899). 

The first blastozooid differs from the oozoid mainly in having four rows of 
definitive stigmata on each side in place of the eight or nine undivided proto- 
stigmata. It is also without trace of gonads and has an atrial siphon similar 
to that of the oozooid. Subsequent blastozooid generations, when well 
nourished, produce both right and left buds, increase in number each genera- 
tion, and increase in individual size as well ; with the successive increases in 
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individual size, the number of tows of stigmata increases from four to a dozen 
or more, the atrial siphons become first conical and then flute-mouthed, and 
orientate to establish star or ladder systems, while gonads develop, first male 
only, then later hermaphrodite (fig. 2D-F, 4 h-i). 

Discussion 

Botrylloides may be regarded as an evolutionary specialization of Botryllus. 
Whether this is true or not, the two genera are closely related and they can be 
compared in a strictly relative manner. Obviously, since the respective adult 
structure of zooid and colony is the product of certain basic developmental 
processes in each case, the differences exhibited by the two genera may be 
correlated with such differences in developmental activities. 

In the case of bud development, the buds in both genera arise in the sam^ 
relative positions at the same critical developmental stage of the parent bud, 
and involve the same tissues. There is the same general co-ordination of 
development of branchiae and gonad with initial bud size. In Botrylloides , 
however, there is a minor but significant difference in that the bud rudiment, 
in becoming a closed vesicle and thereafter, becomes relatively more elongated 
along its antero- posterior axis and relatively smaller in diameter. Three 
features appear to be correlated more or less closely with this growth dif- 
ference. In conformity with the elongation of the developing branchial sac, 
there is space for more rows of stigmata to be laid down at the critical stage. 
The relative narrowness of the cylindrical form of the bud and zooid restricts 
somewhat the area from which bud disks develop, so that the maximum areas 
attained are relatively smaller than those finally produced in Botryllus. Conse- 
quently, mature Botrylloides zooids in their maximum state have one mature 
ovum and several small degenerate ova, comparable to the mature Botryllus 
zooid at its minimum condition (cp. Berrill, 1940), the maximum state in this 
form possessing four or five mature ova on each side. That is, the difference 
in the gonads of the two genera in a quantitative sense is a function of absolute 
size of buds at their inception. Thirdly, the difference in pattern of systems 
in the colony is due to differences in the shape of the atrial siphons of the 
zooids. That of Botrylloides appears to be the result of continued growth 
beyond the Botryllus condition involving a relative increase in growth rate of 
the transverse axis. This may in turn be related to the more basic differences 
in growth rates of the longitudinal and transverse axes of the developing buds 
taken as a whole. * 

Other intergeneric differences come under another category. The shift of 
the ovary from a position lateral to the testis, as in Botryllus , to one posterior 
to it in Botrylloides is apparently a difference in primary pattern not related 
to differences in dimensions or cell numbers, although in a more obscure way 
it may yet be an, elongation effect. The development of a brood pouch as a 
local thickening of atrial epithelium at an early stage in bud development 
implies a local reactiveness and cellular differentiation absent in Botryllus and 
can only be an addition to the repertoire of cell specializations. Differences in 
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fe rtilizati on procedure, if any, in early development of the egg, nature of 
embryo, its location and nutrition, and finally method of liberation may well 
be only consequences of the presence and nature of the primary brood-pouch 
epithelium as a local specialization of the atrial wall. 

The suggestion is accordingly made that the various minor and major 
differences between the genera BotryUoides and Botryllus are the consequences 
of two basic differences, in the relative growth of the two primary axes of the 
bud, and a new cell specialization. 

Summary 

The life-cycle of BotryUoides is described in comparison with that of 
Botryllus and, as far as possible, as a space-time continuum. 

The origin, growth in size, form changes, and time relationships of the egg, 
embryo, and bud are described. Bud-development follows the same direct 
course as in Botryllus, but varying in size at each respective stage with the size 
of the initial bud disk. The gonad may be absent, male with or without rudi- 
mentary ova, or functional hermaphrodite according to the size of the bud 
disk and of the critical stage at which the various components of the gonad 
are segregated. Buds of each generation arise at the same precise stage of 
development of the parental buds. As each bud generation completes its 
development, the whole of the preceding generation is resorbed, and the 
newly matured and fertilized eggs of the new generation commence their 
development. The duration of egg development up to the formation of the 
active tadpole lasts until a few hours before the resorption of the parent zooid 
and escape to the common cloacal cavities is made directly by rupture of the 
parental body-wall. Eggs do not develop in the atrial chamber as in Botryllus 
but become enclosed in a special brood pouch, a unique structure arising 
early in the development of the bud and apparently independently of the 
presence of the gonads. Some form of extra-embryonic nutrition is evident 
and is supplied by the secretory lining of the placental brood pouch. 
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Some Observations upon the Golgi Elements of the Anterior 
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Introduction 

T HIS investigation was undertaken in order to discover whether the 
Golgi elements of anterior pituitary cells possessed the duplex structure 
described by Baker (1944) for cells of certain vertebrates and invertebrates, 
after fixation in formal-calcium chloride and staining in Sudan black. 

Pituitaries of normal mature male rats and comparable animals implanted 
with tablets of stilboestrol were used. The latter were studied for compara- 
tive purposes, since it is known that both synthetic and natural oestrogens 
activate the glandular cells of the anterior hypophysis, causing, among other 
changes, hypertrophy of the Golgi elements (Severinghaus, 1937; Foster, 
1942). 

Methods 

Six control and nine experimental rats with an average weight of about 
150 gm. were used. The animals were killed by a blow on the neck, the 
experimental animals being killed at varying times after the subcutaneous 
implantation of a 10 mgm. tablet of stilboestrol. 

The technique for demonstrating the lipoids of the Golgi zone with Sudan 
black followed that described by Baker (1944). Since, in some instances, 
there was a tendency for a precipitation of the dye on the surface of the 
frozen sections, the following method was devised to overcome this difficulty. 

The sections were first washed to remove the formal-calcium-cadmium 
chloride solution in which they had been stored and were then dipped in a 
12 per cent, solution of gelatine, kept liquid in the 37 0 C. incubator. The 
slide was then lifted out and allowed to drain for half a minute, when 
the gelatine on the back was wiped off. The thinnish layer of gelatine on the 
section side of the slide was allowed to dry off until it became tacky, and was 
then coagulated by holding the slide, gelatine face downwards, beneath the 
surface of a dish of 90 per cent, alcohol. The section was then transferred to 
the filtered Sudan black solution. The time necessary for adequate staining 
was, of course, found to be rather longer by this method an<J varied with the 
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thickness of the gelatine film. In practice, the slide was periodically removed 
from the dye, rinsed in 50 per cent, alcohol, and examined under the micro- 

SC °A t e ’the completion of staining, the slide was rinsed in 50 per cent, alcohol 
and the gelatine film was readily removed by immersion in warm water. Atter 
further washing in distilled water, the preparation was mounted m glychroge 
(Cowdry, 1943). 

Results 

1 . Normal Animals 

(a) The Position of the Golgi Zone. In many instances the Golgi zone was 

clearly identifiable in the glandular cells of the pars distalis and details of 
its structure could be made out. This was particularly true of the basiphil 
cells, Golgi elements of which, as is well known, are revealed in Nassonov- 
Kolatchev preparations as fairly large spheroidal nets, generally situated at 
a distance from the nuclear membrane (cf. Text-fig. i, » and PI. i, J, tv, v; 
Text-fig. 1, ii-vi). The details of the Golgi zones of the acidophil cells 
were, generally speaking, not so clearly defined, but the position and shape of 
the zone were almost exactly similar to those found in Nassonov-Kolatchev 
preparations; the zone was like a peruque capping the nuclear membrane. 
(Cf Text-fig. 1, i, and PI. i, Hi, vii, viii; Text-fig. i, «, at, tv.) The Golgi 
elements in the small chromophobes were more difficult to make out, but m 
a number of instances it was possible to see that in some it had the shape and 
position characteristic of the acidophil type (Text-fig. i, «i). while mothers, 
its shape and position were such as are to be found in the basiphil cell (PI. i, vt). 
These observations were in agreement with those of Severinghaus (193 ), 
who observed that in the mature gland, the two distinctive types of Golgi 
element characteristic of the acidophil and basiphil cells were present also 
in the chromophobes. Finally, the large chromophobes showed the same two 
forms of Golgi zone as was noted in the chromophils and small chromophobes 
—they are in fact, as has been shown by Severinghaus (1933). chromophils 
in the process of granule depletion. 

Although the sections were not counterstamed, very little difficulty was 
encountered in the identification of the cells types mentioned above particu- 
larly as the preparations were studied in conjunction with stained Nassonov 
Kolatchev material. The small chromophobes were the smallest elements of 
the cell population and were devoid of granules. The yellowish retractile 
granules of the acidophils were easily recognizable, and the basiphils were 
recognizable by means of their larger size, their indistinct granules, and 
characteristically placed Golgi bodies. The large chromophobes of the 
acidophil type were either partially or completely devoid of granules, as were 
those of the basiphil type. In the latter, this was reflected in a considerably 
reduced intensity of cytoplasmic staining with the sudan black. 

(b) The Structure of the Golgi Zone. The Golgi zones of both acidophil 
and basiphil cells possessed three features in common and, in fact/ differed 


Text-fig. i. 

i. Normal $. A, peruque-like Golgi element capping the nucleus of an acidophil cell ; B, 

spheroidal Golgi zone of a basiphil cell. Nassonov-Kolatchev. Modified Mallory 
stain, x 650. 

ii. Control (£. a, Golgi zone of acidophil cell; B, Golgi element of basiphil cell. X325. 
Hi. Control d» . a, acidophil cell with Golgi zone immediately above and capping, the nucleus ; 

B, basiphil cells with characteristic Golgi elements, in which vacuoles are faintly 
discernible ; c, acidophil type of small chromophobe with small Golgi zone in contact 
with lower edge of nucleus. X 325. 

iv. Control <£. A, acidophil cell with Golgi element consisting of granules of dense lipoid. 

x 3 2 5* 

v. Control <£. b, one of two large basiphil cells showing general form of Golgi zones, and 

their relation to nuclei. X 650. 

vi. Control <$. Curiously shaped basiphil cell in which vacuoles are faintly detectable in the 

Golgi zone, the central region of which is occupied by diffuse lipoid. X 650. 

vii. Experimental Stilboestrol 32 days, a, acidophils with hypertrophied Golgi zones in 

which the diffuse lipoid and dense lipoid material is readily seen; b, hypertrophic 
Golgi area of a basiphil showing similar features to the above, x 325. 

viii. Experimental As above. G, Golgi elements showing rows of enlarged vacuoles 

enveloped in dense lipoid material. This is a more highly magnified area from the 
centre of vii. X 650. 
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from one another only in the tv^o respects already mentioned — (a) in shape, 
and ( b ) position in relation to the nucleus. 

The three features were : 

1 . A zone of diffuse, less deeply staining sudanophil material, embedded in 
which were : 

2. Small clear vacuoles, and 

3. Strongly sudanophil elements. 

The position and shape of the diffuse sudanophil material were primarily 
responsible for determining the morphology of the Golgi zone as a whole. 
That is to say, the difference between the acidophil and basiphil types was 
directly related to differences in the size, shape, and position of the diffuse 
sudanophil material and not to the nature of the vacuoles and the strongly 
sudanophil inclusions (cf. PI. 1, i and vii). In some cases, particularly in 
small cells, where the diffuse sudanophil material could not be readily made 
out, the distribution of the strongly sudanophil material was sufficient to 
characterize the type of Golgi zone (PI. 1, Hi). 

The vacuoles, although normally small, were variable in size (PI. 1, viii), 
and, in occasional instances, were to be seen outside the zone of diffuse 
sudanophil material (PI. 1, iv). The relationship between these vacuoles and 
the strongly sudanophil elements was not always clear-cut. Sometimes, as 
in PI. 1, iv, v , viii , some of the vacuoles appeared to be unconnected with the 
sudanophil elements, but this may perhaps have been due to the extreme 
thinness of any sudanophil film investing them. 

In those instances where there was clearly a relationship between the 
intensely sudanophil particles and the clear vacuoles, the former appeared 
either as small granules of which one and sometimes two were seen to be in 
contact with the edge of a vacuole (PI. 1, iv, v , vii) or else as sudanophil arcs 
capping single vacuoles (PI. 1, ii, viii). There was evidence in some instances 
that these ‘caps’ were approximately crescentic in form (PI. 1, viii), but in 
others they appeared to be of a uniform thickness (PI. 1, iv, v). A few examples 
of vacuoles apparently completely invested with a sudanophil film were 
observed (PI. 1, viii). 

In some cells there was a high proportion of small, strongly sudanophil, 
granule-like bodies of variable size, apparently unrelated to any external or 
interna! vacuole, PI. 1, iii shows a rather small acidophil type cell whose 
Golgi zone consisted entirely of these apparently solid granules. 

Thus, in these Golgi bodies, in addition to the region of diffuse sudano- 
phil material usually present, there were observed to be: 

1. Vacuoles apparently unrelated to the strongly sudanophil bodies; 

2. Strongly sudanophil elements apparently unrelated to vacuoles; and 

3. Vacuoles associated with caps or granules of strongly sudanophil 

material. 
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2. Experimental Animals 

(a) The Position of the Golgi Zone. Any alteration in the position of the 
Golgi zone was clearly due to the generalized hypertrophy of the whole area. 
This hypertrophy in response to oestrogens is already well known from 
observations based upon the study of material prepared by the Nassonov- 
Kolatchev method (Severinghaus, 1937). When the hypertrophy was con- 
siderable, there was a tendency for the Golgi region of the basiphil cells to 
encroach upon the nuclear region and make contact with the nuclear membrane 
(PL 1, xi ), and this resulted in a somewhat acidophil-like morphology (cf. 
PL 1, xi and viii). In neither type of cell, however, was there evidence of any 
fundamental shift in position, and only occasionally was difficulty encountered 
in deciding the type of cell under observation. 

(^) The Structure of the Golgi Zone. The three features mentioned as 
being characteristic of the Golgi regions of normal cells were again readily 
seen in the experimental animals, and, generally speaking, the differences 
between the two were quantitative rather than qualitative, although certain 
qualitative differences were observed. 

Even after a relatively short period of implantation with stilboestrol there 
was quite a marked increase in the amount of diffuse sudanophil material, 
relative to the cytoplasmic volume (cf. PL 1, v and xi; vi and *), and with 
more prolonged treatment the increase was unmistakable (cf. PL 1, viii and 
xiii; Text-fig. 1, ii and vii). Concurrently, the intensity of the staining of the 
diffuse material also increased, but this may perhaps have been due to a 
closer packing of the sudanophil particles and hence may have been a quanti- 
tative and not a qualitative change. The Golgi elements of all cell types were 
similarly affected, but since one of the characteristic effects of prolonged 
treatment with oestrogens is a granule depletion in the chromophil cell 
(Severinghaus, 1937), the cells observed in those glands subjected to a more 
prolonged treatment were commonly extremely degranulated — they were in 
fact large chromophobes. 

The effect of the oestrogen upon the vacuoles and strongly sudanophil 
elements was, after fairly prolonged treatment, quite clear-cut. First, there 
was an increase in both the amount of vacuolation (cf. PL 1, vii and xii) and 
the amount of strongly sudanophil material (cf. PL 1, v and xi ), although the 
latter was not always so marked. As in the controls, there were vacuoles 
apparently unrelated to sudanophil elements and there were granular sudano- 
phil elements unassociated with any external or resolvable internal vacuole 
(PL 1, ix t xii, xiv). Secondly, there was a qualitative change resulting from 
the coalescences of vacuoles. This^ in its extreme form, is shown in PI. 1, xv 
and Text-fig. 1, viii, where vacuolar chains of large size were produced; in 
other instances, the evidence for vacuole fusion was based on the occurrence 
of vacuoles considerably above the normal size (PL 1, xiii, xv). These were 
often associated with several sudanophil granules and crescents, instead of the 
more usual one or two seen in the controls. The sudanophil elements were 
generally of the same type as in the controls, that is to say: crescents (PL 1, ix, 
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x, xi), caps of apparently uniform thickness (PL i, xi) and occasionally con- 
tinuous films (PI. i, ix). Appearances such as those shown in PI. i, xiv, where 
the sudanophil material was elliptical in shape, suggested that ring-like 
configurations were also present. 

The results described above show that the essential structural features of the 
Golgi body were maintained after fairly prolonged treatment with stilboestrol. 
The hypertrophy produced by oestrogens was due to (i) an increase in the 
amount of sudanophil material of both types, and (2) an increase in the 
amount of vacuolation. 

Discussion 

Since sudan black is known to have a high and apparently specific solubility 
in lipoids (Baker, 1944) it can be justifiably assumed that the sudanophil 
material of the Golgi elements just described consists, at all events in part, of 
lipoid substances. The Golgi zones of the cells of normal and experimental 
animals thus- consist of regions containing diffuse lipoids in which are 
embedded three sorts of structures: (a) clear vacuoles, ( b ) lipoid-containing 
granules, and (c) clear vacuoles partially or completely invested with dense 
lipoid material. It is reasonable to believe, for reasons indicated by Baker 
(1944), that the technique preserves these structures in a form not greatly 
dissimilar to that obtaining in the living cell and, in any case, it seems im- 
probable that any distortion produced would exceed that caused, for example, 
by the Nassonov-Kolatchev procedure. There is in fact a very close simi- 
larity between the morphology of the Golgi zone as revealed by the latter 
method, and that demonstrable by the use of Sudan black. 

Severinghaus (1932), using the Nassonov technique, showed that two sorts 
of Golgi element, associated respectively with acidophils and basiphils, 
were present in the anterior lobe of the rat pituitary. The result of the present 
investigation supports his observations. The fact that two distinctive forms of 
Golgi element regularly exist in this way in the two sorts of chromophil 
cell (Severinghaus, 1933, 1937) of the rat, the guinea-pig (Kirkman, 1937), and 
perhaps less markedly in the cat (Dawson, 1946) is °f theoretical interest, 
since it suggests that the Golgi zone, in spite of its lability , must be linked to 
the ‘cytoskeleton’. In the rat, the characteristic Golgi zone morphology of 
the two types of chromophil cell is retained after treatment with oestrogens, 
except where the dosage is particularly heavy; but the evidence again suggests 
that the pattern of the Golgi zone is related to the ultrastructure of the 
cytoplasm. 

The Golgi material of the anterior pituitary cells of the rat, as revealed by 
the Nassonov-Kolatchev technique, for example, consists of a network of 
osmiophil threads and granules associated, according to observers such as 
Severinghaus (1937) and Ayers (1941), with clear vesicles or vacuoles. The 
latter described such vesicles as having three different relations within the 
cell: (j) the smallest, appearing as ‘clear, tiny ovoid spaces incorporated in 
the strands of the Golgi net’, (2) ‘. . . slightly larger vesicles eccentrically 
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located so that only a thin rim covers the outer side* — such vesicles being up 
to three times the size of the previous type — and (3) vesicles present in the 
cytoplasm, some of which ‘have a bit of osmiophil material adherent*. There 
can be little doubt that these vesicles are similar to the vacuoles observed in 
the Sudan black preparations, and it seems likely that the stranded osmiophil 
material in which they are embedded, or with which they are associated, corre- 
sponds partly to the diffuse and partly to the denser lipoid already described. 
Also, cytoplasmic vacuoles associated with dense lipoid material were 
occasionally observed in the sudan black preparations (PI. 1, iv). 

The ‘classical’ reticulate appearance of the Golgi elements in pituitary cells 
as seen after the Nassonov and similar techniques may well be due to the 
shrinkage and distortion of the complex revealed by the sudan black method. 
Some evidence in support of this notion has been brought forward by Worley 
(1943 a and b , 1944), who showed (1) that structures comparable^ to the 
Golgi elements in regard to their position in the cell and their relation to 
other cytoplasmic parts (e.g. secretion droplets, &c.) were, in various inverte- 
brate and vertebrate cells, stainable supravitally with methylene blue, and 
(2) that shrinkage induced by dessication in many instances resulted in a 
picture very similar to that normally produced by the customary osmium 
tetroxide impregnation techniques. In the living pancreas, for example, there 
was a progressive distortion of the stained spherical bodies from which, after 
a time, there extended thread-like processes whose anastomoses with one 
another produced a network. 

Furthermore, the observations of Worley are in support of those of Baker 
(1944) and the writer, in that they provide evidence for a duplex structure of 
the Golgi element — a concept very extensively developed by the investiga- 
tions of Hirsch (1939). Worley showed that the Golgi vesicles in the cells he 
studied regularly progressed from a small methylene-blue-stained granular 
stage to one where the granule had enlarged and differentiated into a clear 
vacuole with a chromophil pellicle of varying thickness. The vacuole was the 
site of production of the secretion product, liberation of which was associated 
with the fragmentation of the chromophil cortex. It seems probable that these 
two parts of the vesicle correspond to Hirsch’s ‘Internum’ and ‘Externum’, 
and the writer believes that this correspondence may be extended to the 
vacuoles and the associated lipoid elements of the Golgi bodies of the rat 
anterior pituitary. It is possible, moreover, that the dense sudanophil struc- 
tures unassociated with vacuoles are equivalent to Hirsch’s ‘Presubstanz’, 
from which the corticated vacuoles of the fully developed Golgi zone are 
probably derived. Baker (1944) has suggested the extension of the term 
‘Externum’ so as to include the diffuse as well as the dense lipoid material. 

The hypertrophic effect of oestrogens upon the Golgi element of anterior 
pituitary cells has been clearly established (Severinghaus, 1937), but sudan 
black because of its high solubility in lipoids gives more precise information 
about the details of this hypertrophy. Severinghaus (loc. cit.) has described 
an increase in the vacuolation of the Golgi zone after oestrone injections and 
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the method used in this investigation showed that not only may there be an 
increase in the number of vacuoles, but, after prolonged treatment with 
stilboestrol, coalescence of these vacuoles occurred (PL i, xv). There ap- 
peared also to be an increase in the amount of both diffuse and dense lipoid 
material and in some instances coalescence of the former to produce 
sudanophil strands. Such changes as these, considered in relation to changes 
known to occur in the Golgi bodies of other endocrine as well as exocrine 
glands (Bowen, 1929; Kirkman and Severinghaus, 1938; Foster, 1942; 
Bourne, 1942), seem to indicate a state of heightened secretory activity. 
Finally, as has been suggested before (Severinghaus, 1936; Foster, 1942a), 
it is thought likely that the physiological inhibition produced by oestrogens is 
due either to over-activation of the secretory mechanism (of which the Golgi 
element is almost certainly a part) or to an ultimate interference with some 
stage in the metabolism of the hormonal secretion product. 

Summary 

1 . It was found possible to demonstrate the Golgi zones of the cells of the 
anterior pituitary (pars distalis) of the rat with sudan black. The position 
and general morphology of the Golgi bodies closely resembled that revealed 
by the standard osmium tetroxide techniques. 

2. The Golgi zone was generally found to contain three sorts of element: 
(a) diffuse sudanophil material in which were embedded: ( b ) clear vacuoles 
and (c) strongly sudanophil bodies. The latter were often associated with the 
surfaces of the vacuoles, when they were in the form of (1) crescentic caps, 
(2) partial or complete rims of apparently uniform thickness, or (3) small 
granules. Sometimes the strongly sudanophil bodies were granular and 
unassociated with vacuoles; there were also vacuoles with no demonstrable 
lipoid material in association with their surfaces. 

3. The effect of stilboestrol was to cause hypertrophy of the Golgi zones 
and this was associated with (a) an increase in volume of the region of diffuse 
lipoids, ( b ) an increase in vacuolation, and (c) a rather more variable increase 
in the amount of strongly sudanophil material. These changes would appear 
to indicate a state of heightened secretory activity. 

4. The strong affinity of the Golgi area for sudan black suggests that it 
consists, at any rate in part, of lipoids. 

I wish to express my thanks to my colleague Mr. W. F. Floyd for the 
invaluable help he has given with the photomicrography. This investigation 
was carried out with the assistance of a grant from the Thomas Smythe 
Hughes Medical Research Fund of the University of London. 
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Explanation of Plate i. 

Figs, i-xv are from camera lucida drawings. 

i. Control^. Basiphil cell showing general form of Golgi zone. 
it. Control <£. Acidophil cell. Upper focal plane, showing diffuse lipoid and 
vacuoles with caps containing dense lipoid. 

Hi. Control^. Acidophil cell with peruque-like Golgi zone consisting of dense 
lipoid particles. 

iv. Control Large basiphil cell with vacuoles outside area of diffuse lipoid, and 

vacuoles unassociated with dense lipoid. 

v. Control^. Basiphil cell, showing diffuse lipoid, and vacuoles associated with 

incomplete dense lipoid rims or granules. 

vi. Control <$. Basiphil type of small chromophobe showing Golgi zone. 

vii and viii. Control <$. Acidophil cells showing vacuoles of varying size with dense lipoid 
rims and crescents, and also isolated granules containing dense lipoid. 

ix. Experimental c?. Stilboestrol 6 days. Acidophil cell, showing vacuoles with 

complete investments of dense lipoid. 

x. Experimental^. Stilboestrol 19 days. Acidophil cell showing enlarged area of 

diffuse lipoid and numerous vacuoles of varying size, with crescents, rims, and 
granules of den.se lipoid. 

xi. Experimental <£. Stilboestrol 19 days. Basiphil cell showing enlarged area of 

diffuse lipoid, vacuoles of varying size, some unassociated with dense lipoid. 

xii. Experimental <$. Stilboestrol 19 days. Acidophil cell showing vacuoles outside 

zone of diffuse lipoid. 

xiii. Experimental Stilboestrol 49 days. Acidophil cell showing greatly increased 

zone of diffuse lipoid. 

xiv. Experimental^. Stilboestrol 43 days. Acidophil cell showing two markedly 

elliptical vacuoles with rims of dense lipoid. 

xv. Experimental <$. Stilboestrol 56 days. Basiphil cell showing hypertrophy and 

partial fusion of the vacuoles and coalescence of the dense lipoid material to 
form strands. 
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Introduction 

T HE work recorded in this paper was undertaken in order to investigate 
the morphological changes which the cytoplasmic components undergo 
during different physiological phases induced by fasting and food stimuli, and 
to study the role of the Golgi material and mitochondria in secretory pheno- 
mena. The examination of the proventriculus, gizzard, and intestine yielded 
information on the cytology of gastric and intestinal epithelia which does not 
seem to have been previously recorded. 

While there are extensive histological studies on the alimentary tract of 
the fowl (Clara, 1926-7; Calhoun, 1933) there are few published accounts of 
its cytology. Workers in this field, owing to the suitability of the material, 
concentrated mainly on cytoplasmic changes during embryonic life. Brief 
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cytological accounts of the mitochondria and Golgi material of various cells 
which compose the lining of the intestine of birds are given by Clara (1926-7). 
Argeseanu and May (1938), in their work on the intestinal epithelium of 
domestic fowl, outline, as the principal aim of their work, similarities and 
differences which exist between the cell components at various stages of 
development. Their observations on the Golgi material are based exclusively 
on rather unreliable silver nitrate impregnations. Hibbard (1942) describes 
the changes in form and position of the Golgi material in the proventriculus 
and gizzard of the domestic fowl throughout the stages of embryonic develop- 
ment. None of the papers quoted contains a complete survey of all the 
cytoplasmic structures in any part of the alimentary tract investigated by 
the present writer. 

There are numerous papers dealing with the cellular changes which take 
place during digestion and absorption ; these include a wide variety of material 
ranging from the simplest protozoa to the complicated intestinal epithelium of 
mammals. Some of these works will be discussed in a later part of this paper. 

Material and Methods 

The material used in the present work consisted of samples taken from 
different parts of the intestinal tract, namely, proventriculus, gizzard, duo- 
denum, ileum, caeca, and rectum of the domestic fowl ( Gallus domesticus). 

Material was obtained from young chickens (Brown Leghorn) aged between 
3 weeks and 3 months old. Chickens, battery reared, of uniform breed and 
management, and free from disease, were chosen. All specimens were killed 
and small pieces of the tissues immediately dissected out and placed in one 
of the fixing fluids. 

At least two birds were used to investigate each physiological phase. When 
the secretory cells were found to be active, and marked morphological changes 
observed, additional specimens were used as a check to avoid mistakes due 
to technical errors. At first, birds were chosen after 24 hours fasting with 
free access to water. Observations on all subsequent phases were undertaken 
at various times after feeding. Each feeding experiment was preceded by 
24 hours fast, after which food was given freely. Specimens were killed half 
an hour after feeding and at hourly intervals terminating 6 hours after the 
meal. The last specimens examined were those with constant access to food 
without a previous fast. Generally, at least two different cytological methods 
were used simultaneously both for Golgi and mitochondrial preparations. 
For mitochondria the best results were obtained with Regaud’s technique, 
the tissues being fixed in a refrigerator. Meves’s mixture, according to the 
following formula, gave the next best results: 0 5 per cent, chromic acid in 
1 per cent, sodium chloride solution, 15 c.c.; 2 per cent, osmium tetroxide, 
3 c.c. The fixing fluid was changed after 4-5 hours, and further fixation 
continued for 48 hours. Some other methods were also tried. In order to 
demonstrate the Golgi material, Mann-Kopseh technique was used according 
to the original formula or with modifications. The methods of Kolatchev and 
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Sjoval and the silver methods of Aoyama and Da Fano (in spite of less 
constant results with the latter) proved useful controls. The material was 
embedded in paraffin. Sections were cut at 5^ and jix in thickness. For 
general histological purposes Bouin and Zenker-formalin proved the most 
useful fixatives. Golgi preparations as a rule were mounted unstained or in 
a few cases counter-stained with Altmann’s acid fuchsin and differentiated in 
90 per cent, alcohol instead of in picric acid. Staining methods for mito- 
chondria consisted of Heidenhain iron haematoxylin, Regaud’s haematoxylin, 
always optimal for the Regaud’s preparations, Altmann’s acid fuchsin, and 
Bensley’s acid fuchsin light green. Southgate’s mucicarmine was used for 
the demonstration of mucus. 

The various fixatives used did not give equally good results with different 
parts of the alimentary tract. In the case of the stomach, fixatives containing 
osmium tetroxide revealed many more secretory granules than the other 
techniques employed; consequently these fixatives are of little use for the 
study of the mitochondria of zymogenic cells. Observations on the Golgi 
material of the zymogenic cells were based exclusively on silver impregnated 
material (Aoyama and Da Fano), as all attempts to obtain good osmic prepara- 
tions of these cells were unsuccessful. Aoyama’ s method gave the best results 
when the tissue was fixed for 4-5 hours. As regards the intestine, the best 
results were obtained by taking samples from the part situated a short dis- 
tance above and below the line marked by the descending bowel contents. 
This routine was carried out in all fed specimens. 

Observations 

Proventriculus 

Highly differentiated groups of cells compose the lining of the simple 
tubular glands and the surface of the gastric lumen. It is therefore necessary 
to give a separate description of the different types of gastric cells. The 
zymogenic cells in the tubular glands (Text-fig. 1, figs. 1-4; PI. I, fig. 16) 
differ markedly from the superficial columnar epithelium (Text-fig. 1, figs. 
5-7); the latter are very similar in morphological outline to those of the 
intestinal epithelium. Over the short distance which separates the mucous 
neck cells from the zymogenic cells which line the glandular crypts are 
scattered cells which cytologically resemble the outer epithelium and, in gross 
morphological outline, the zymogenic cells. These cells more closely resemble 
the chief neck cells described by Okanishi (1933) than the parietal cells of 
mammals. These transitional neck cells have not been identified during the 
present investigations in the deeper parts of the glandular crypts, and no 
reference to them was found in the accessible literature on the avian stomach. 

Zymogenic Cells 

Various names are used to describe the zymogenic cells, e.g. the main cells 
of the gastric glands (Eklof, 1914), oxyntic cells (Chinese workers), and zymo- 
genic cells (British workers). 


nucleus 


l\ * mitochondriaKf 



Text-fig. i. 

All figures from proventriculus. 

Figs. 1-4 from Aoyama preparations; 5-6 and 11-12 from Kolatchev preparations; 

Figs. 7-10 and 13-14 from Regaud preparations. 

Fig. 1. Zymogenic cell showing Golgi material ; after 24 hours* fast. 

Fig. 2 . Zymogenic cell 1 hour after feeding, cell elongated, apparent reversed polarity 
of Golgi material. 
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The zymogenic cells are arranged in a single layer which lines the simple 
tubular glands along their whole length. Their shape varies, depending on 
the degree of functional activity, from low cuboidal to elongated columnar 
cells. In longitudinal sections of the gland these cells are arranged obliquely 
with their long axis directed slightly towards the opening of the gland. They 
are arranged in rows in such a way that their distal half, or more than two- 
thirds of the cell, is not in contact with the corresponding part of the neigh- 
bouring cells; thus straight canaliculi are formed between the lateral sides 
of neighbouring cells (Text-fig. 1, fig. 1, PI. I, fig. i6-y). This gives longitu- 
dinal sections a serrated edge formed by the distal parts of the cells bulging 
into the lumen of the glandular crypt. 

The nucleus is spherical to ovoid in shape and its position depends on the 
functional stage of the cell ; it may lie close to the basal membrane or towards 
the central region. In all phases of fasting and digestion, most of these cells 
are densely packed with large, spherical, secretory granules. The number of 
granules increases considerably during fasting, and in the later stages they 
extend from the end next to the lumen to the basal part of the cell where they 
form a mass of closely packed granules which greatly hinders cytological 
observations. After 24 hours’ fast, when there is a maximum accumulation 
of secretory granules, the cells assume a more cuboidal form with smooth, 
rounded outlines. The nucleus is spherical and is situated close to the basal 
membrane. The intercellular canaliculi are difficult to follow, as the lateral 
cell membranes, under the pressure of accumulated secretion, are brought 
into proximity with their neighbours (Text-fig. 1, fig. 8). Commencing half 
an hour after the ingestion of food the number of secretory granules decreases 
considerably and the outline and shape of the cell become altered. The cell 
becomes thinner, elongates, and assumes an angular outline. The nucleus 
moves closer to the central region of the cell and assumes an ovoid shape 
(Text-fig. 1, fig. 2). The intercellular canaliculi now appear as incisions or 
long narrow clefts wedged between the cells; this is due to the contraction 
of the lateral cell borders. The evacuation of the cells, which starts with the 
intake of food, increases markedly until 3 hours after a meal. In sections 
prepared for the study of the mitochondria, unstained vacuoles appear in 


Figs. 3 and 4. Zymogenic cells 2 hours after feeding ; argentophilic granules present in 
cytoplasm. 

Fig. 5. Cell of surface epithelium showing Golgi material; after 24 hours’ fast. 

Fig. 6. Cell of surface epithelium, 1 hour after feeding, Golgi material enlarged; 
secretory granules seen above it. 

Fig. 7. Cell of surface epithelium showing mitochondria and secretory granules. 

Fig. 8. Zymogenic cells showing mitochondria and secretory granules ; after 24 hours’ fast. 

Figs. 9 and 10. Zymogenic cells 1 hour after feeding; showing mitochondria and 
secretory granules below the nucleus in fig. 10. 

Fig. 11. Mucous neck cells showing Golgi material; after 24 hours’ fast. 

Fig. 12. Mucous neck cell 1 hour after feeding; Golgi material enlarged and secretory 
granules seen above it. 

Figs. 13 and 14. Mucous neck cells 1 hour after feeding; showing mitochondria, secretory 
granules, and formed mucous mass. 
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the place of secretory granules. Three hours after feeding the cells begin to 
refill with secretory granules, and return to their former shape. The number 
of granules gradually increases, and 6 hours after the intake of food reaches 
the level usually observed in birds with constant access to food, which is 
never as great as in fasting specimens. 

It must be noted that only a certain number of cells is involved in the 
secretory process at the same time, and that each cell appears to act as an 
independent unit. During the first hours of digestion, cells situated close 
together often show marked differences in shape and functional stages. Cells 
at the bottom of the glandular crypts appear to be the least involved in 
secretion and contain fewer secretory granules than any of the other cells. 

Golgi material. The Golgi material in zymogenic cells was studied exclu- 
sively in material impregnated with silver (Aoyama and Da Fano). Certainly 
these methods are much less delicate than osmic methods, but when carefully 
handled they provide much valuable information. No great difficulties were 
encountered with silver methods and the Golgi material was shown in cells 
along the whole length of the glandular canal. Cells in the middle of the 
glandular tubule are more difficult to impregnate than those nearer the bottom 
and neck of the crypt; this is due to the large number of secretory granules 
present in the cells of the middle region. 

The Golgi material in zymogenic cells consists of thick filaments, twisted 
and joined in a more or less compact manner. It always lies in the basal 
part of the cell exactly at the level of the bottom of the intercellular canaliculi 
(Text-fig. i, fig. t; PI. I, fig. 16). After 24 hours* fast, when the cells are 
packed with secretory granules and the nucleus is close to the basal membrane, 
the Golgi material surrounds the nucleus to form an equatorial belt (Text-fig. 
1, fig. 1). The elements of the Golgi material seem to be closer together than 
in actively secreting cells. With the decrease in the number of secretory 
granules, subsequent to feeding, the cell elongates and the nucleus moves 
towards the central region. The Golgi material does not move with the 
nucleus and thus gives what students of the theory of polarity would describe 
as ‘reversed polarity*. At this phase there is a considerable loosening of the 
Golgi elements towards both poles of the cell. The Golgi material, however, 
never moves from its original level (Text-fig. 1, fig. 2; PI. I, fig. 16-x.) 

In the next phase, elongate cells, with Golgi material situated below the 
nucleus, show changes which strongly suggest that secretory activity has 
begun Small clusters of argentophilic granules are present above the Golgi 
material in the supranuclear zone (Text-fig. 1, figs. 3-4). In deeply impreg- 
nated material the granules are blackened and appear as a uniform mass, 
but in lightly impregnated material the clusters of granules are clearly shown, 
and the faintly brown outline of each granule is visible. This argentophilic 
material was observed in many cells 1-2 hours subsequent to feeding;. after 
that time they were less frequently seen and were seldom observed 3 hours 
after feeding. It is probable that these granules migrate from the Golgi zone 
during increased cellular activity, arid represent a stage in the formation of 




V' 


Quart. Journ. Micr. Sci., Third Series, Vol. & 



K. S. CHODNIK.— PLATE II 



Domestic Fowl ( Gallus domesticus) 425 

the secretion granules. As they are visible for a short time after feeding (1-2 
hours) and are not present at any other phase, it is probable that a rapid in- 
crease in secretory activity leads to the freeing of products which are not yet 
fully formed and possess the argentophilic properties of the Golgi material 
itself, and that their transformation into granules of secretion takes place in 
the cytoplasm. Owing to the coarse outlines of the Golgi material (silver 
methods), it is impossible to identify secretory granules amongst the Golgi 
material. The earliest secretory granules are visible in mitochondrial prepara- 
tions and are restricted to the Golgi field (Text-fig. 1, fig. 10). 

Present observations on zymogenic cells support the view that the situation 
of the Golgi material, at least in these cells, is not influenced by the relative 
position of the nucleus. The apparent reversal of polarity, which has 
aroused much discussion, is of short duration and is produced by a free 
movement of the nucleus and not of the Golgi material. 

The location of the earliest secretory granules in the Golgi field, the pre- 
sence of clusters of argentophilic material which migrates from the Golgi zone 
during the later phase of secretion, and the changes in the form of the Golgi 
material indicate that the Golgi material participates in secretory activity. 

Mitochondria. As Regaud’s haematoxylin tends to stain mitochondria only, 
clear pictures of the mitochondria were obtained in zymogenic cells from 
fasting and fed specimens prepared by this method. 

Short rod-shaped mitochondria are numerous ; in addition a few long thick 
filaments, of equal diameter, are present. The small number of granules 
observed would suggest that they are cross-sections of rods and filaments. 
A few swellings situated at intervals along the mitochondria are sometimes 
visible. In cells densely filled with granules the majority of the mitochondria 
are situated in the basal half of the cell, but a few are also dispersed in the 
supranuclear zone and are visible between the secretory granules (Text-fig. 1, 
fig. 8). At this phase the mitochondria are arranged more or less at random 
without a special polar orientation. 

At the time when the elongate cells enter upon secretory activity, the 
mitochondria become distributed throughout the cytoplasm, but the majority 
are in the supranuclear zone. Polar orientation is strongly marked by the 
arrangement of the rods parallel to the long axis of the cell (Text-fig. 1, figs. 
9-10). In the early phases, very small and deeply stained granules (Regaud’s 
haematoxylin) are observed below the nucleus in the region occupied by the 
Golgi material (Text-fig. 1, fig. 10). These granules are much smaller than 
cross-sections through rod-shaped and filamentous mitochondria, or sections 
through mature secretory granules. Their size, form, and location strongly 
suggest that they are the early stages of secretory granules. Unfortunately, 
no stages intermediate between these granules and the mature granules of 
secretion were found. During the stage when the detached argentophilic 
material is present in the supranuclear region (1-2 hours after feeding), it 
would appear that the total number of mitochondria is considerably greater 
than in the cells of fasting animals. It is unfortunately difficult to determine 
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whether there is a real increase in number or whether many of the mito- 
chondria are hidden by secretory granules, and, therefore, invisible until 
there is a considerable decrease in the number of granules. No evidence 
suggesting the division of the mitochondria or their direct participation in 
secretion was observed. 

Mucous Neck Cells 

These are large columnar cells, cylindrical in shape, resembling to some 
extent goblet intestinal cells. The supranuclear pole is filled with mucus 
formed into a goblet, but without distending the cell as in the case*of the 
intestinal goblet cells. The Golgi material, easily demonstrated by both 
silver and osmic methods, forms a cup-like structure adjacent to the lower 
border of the accumulated mucus (Text-fig. i, fig. n; PI. I, fig. 15)- Mito- 
chondria are present as extremely fine filaments which are shown most 
clearly in material fixed according to the method of Meves and stained with 
acid fuchsin. Their number is always very limited and they are present 
almost exclusively in the subnuclear cytoplasm (Text-fig. 1, figs. 13-14). The 
secretory cycle and accompanying changes are analogous to those described 
by other workers for goblet intestinal cells, with the exception that the secre- 
tory granules are extremely small and fill all the supranuclear zone. The 
granules show a marked affinity for acid fuchsin, but not for haematoxylin. 
These numerous granules gradually accumulate at the glandular pole of the 
cell where a uniform mass of mucus secretion is formed and extends towards 
the Golgi zone (Text-fig. 1, fig. 14). The characteristic reaction for mucus 
is given by the uniform mass, but not by the small granules. During a fast, 
practically all these cells are filled with secretion. The elimination of mucus 
starts with the intake of food, and follows a rather peculiar course. The 
outer masses of secretion are passed into the lumen where they may be 
easily demonstrated. Elimination is never complete, and the lower part of 
the mucous mass is immediately replaced with newly produced secretion. The 
Golgi material, during increased secretory activity, expands and increases in 
volume (Text-fig. 1, fig. 12). With the accumulation of secretion it moves 
closer to the nucleus and becomes smaller. No noticeable changes in shape, 
location, or in the number of mitochondria were observed in any of the 
preparations. 

Surface Epithelium 

The surface cells, bordering the gastric lumen, are of the regular, simple 
columnar type. The nucleus is oval and lies in the middle of the cell. Numerous 
granules, spherical in shape,, fill the supranuclear region. They vary in num- 
ber, depending on the functional stage, but are always present during fasting 
and after feeding (Text-fig. 1, fig. 7). As in the mucous cells, these granules 
stain more readily with acid fuchsin than with haematoxylin. 

The Golgi material is a complicated structure which resembles a network, 
and lies between the nucleus and the accumulated secretory granules at the 
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glandular pole (Text-fig. 1, fig. 5). The mitochondria, very minute in 
diameter, and almost exclusively filamentous, are scattered more or less 
evenly in the supra- and subnuclear cytoplasm. They are few in number, 
especially in comparison with those of the intestinal epithelium (Text-fig. 1, 
fig. 7). Immediately after feeding the number of secretory granules decreases 
markedly, while simultaneously new granules originate in the Golgi zone and 
are scattered through the supranuclear region (Text-fig. 1, figs. 6-7). Within 
2 hours after feeding the accumulation of small granules, close to the distal 
cellular margin, is as dense as in the fasting condition. Owing to their minute 
diameter, the mitochondria are very difficult to observe, and no marked 
changes in their form or disposition were noted. 

The neck cells Which lie between the mucous neck cells and the zymogenic 
cells are transitional forms, and in outline resemble the zymogenic cells. They 
show exactly the same internal cytological structure as the surface epithe- 
lium, and the description of the latter applies equally to these transitional 
cells. 


Gizzard 

The gizzard is a peculiar structure and in many respects differs markedly 
from the proventriculus. Its mucous membrane has a thick, horn-like inner 
lining, which is generally believed to be a secretory product of the epithelium 
lining the tubular crypts. 

The epithelial lining consists of a single layer of cuboidal cells arranged in 
protruding lamellae which form simple elongated crypts. These are filled with 
keratinoid material which is connected with the outer horn-like cover. The 
cuboidal cells near the apices of the lamellae are more elongated, and often 
club-shaped, with a wider part directed towards the outer keratinoid mass. 
A verv large spherical nucleus generally fills more than half the cell, so that 
the latter often bulges into the lumen of the crypt. The epithelial cells which 
line the crypt are strikingly different from other gland cells. Their peculiar 
behaviour suggests that they belong to a separate group of cells and resemble 
more closely epithelia undergoing keratinization, first described by Deineka 
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Examination showed that only the cells at the bottom of the crypts and the 
lower parts of the lamellae are normal cells in which all the components are 
visible. Proceeding from the bottom of the crypt to the apices of the lamellae, 
the cells show progressive degenerative changes which finally lead to their 
death. In material fixed by Meves’s method and stained with acid fuchsin- 
picric acid, whole cells embedded in the lower parts of the keratinoid mass 
are clearly seen. Forty-eight hours’ fixation in Meves’s fluid is sufficient for 
the osmium tetroxide slightly to darken the numerous keratinoid granules 
which fill the cells as well as the intercellular spaces between the dead cells. 
The cells embedded in the keratinoid mass seem to be preserved by the 
latter. The keratinoid cover is not a structureless mass, but consists of 
numerous granules, dead cells, and a more or less uniform cementing mass 
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which stains a deep yellow with picric acid. The more superficial layers, 
however, are stained a uniform yellow and do not show any structural 
details. 

In the cells of the lower parts of the crypts the Golgi material is a reticulate 
structure similar to that of the other gland cells. It lies at one pole of the 
nucleus, or, collar-like, surrounds the middle region of the nucleus (Text- 
fig. 2, figs. A, b). A few small granules are seen scattered throughout the 
twisted filaments of the Golgi material. In the cells situated towards the apex 


granules of 
secretion 



mitochondria 


Text-fig. 2 

Figs. A and b. Cells from the bottom of the crypt, with Golgi material. 
Fig. c. Cell near the top of lamellae, with Golgi material breaking up. 
Fig. D. Cell near the top of lamellae, with granules of secretion. 

Fig. e. Cells with mitochondria and granules of secretion. 


of the lamellae, the Golgi material is less voluminous and is progressively 
broken up into short rods and granules (Text-fig. 2, fig. c). In the club- 
shaped cells, on the apices of the lamellae, Golgi material is not revealed by 
any of the methods used. In the nuclei of cells situated towards the apex of 
the lamellae there is a marked increase in the number of darkly stained 
granules. In the vicinity of the top of the lamellae the nuclei appear to shrink, 
and the nucleoplasm is uniformly darkly stained. 

Rod-like mitochondria, oriented parallel to the long axis of the cell, are 
present in cells in which the Golgi material is well developed; as a rule they 
are less numerous than in the other gland cells (Text-fig. 2, fig. e). In cells 
towards the apex, where the Golgi material is breaking up, the mitochondria 
are less numerous and finally disappear. 

Secretory granules are few in number in the basal cells and are present in 
the supranuclear zone. They gradually increase in number in the cells 
situated nearer the top of the lamellae (Text-fig. 2, fig. d). In the cells in 
t fie vicinity oS the apex oi the \ame\\ae, in which the Go\gi material is breaking 
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up, the granules reduce osmium tetroxide; consequently they assume a 
yellow-brown colour like the surrounding keratinoid mass. 

Fasting and feeding do not induce cytological changes in any of the cells 
of the gizzard. The formation of the granules seems to be progressive and 
continuous. The few granules present in the cells at the bottom of the crypt, 
and the relatively small amount of Golgi material which does not show any 
changes during the phases investigated, indicate that the formation of the 
secretion is very slow and is not influenced by the process of digestion. Ex- 
pulsion of the secretory granules must take place more slowly than production, 
so that the number of granules gradually increases within the cell. The 
process of secretion appears to slow down in the older cells at the top of 
the lamellae and finally leads to their exhaustion and death. These cells do 
not disintegrate, but become embedded in the secretory product. 

Fragmentation and terminal disappearance of the Golgi material and of 
the mitochondria are no doubt signs of the degenerative processes taking 
place within the cell. The few mitotic figures seen in some of the material 
at the bottom of the crypts may indicate the method of replacement of old 
cells. As elimination of the old cells is slow, cell division resulting in new 
cells is of infrequent occurrence. 

The slow secretion of the epithelial cells, independent of digestion, in- 
dicates that their function is to renew the keratinoid cover worn away by 
the mechanical function of the gizzard. 

Intestinal Epithelium 

As regards histological classification and description of the cells of the 
intestinal epithelium, there is practically nothing to add to the detailed works 
of Clara (1926-7). The cells which compose the intestinal lining are arranged 
in a single columnar layer. In addition to the main epithelial cells (with 
epithelial cells of the Lieberkiihn crypts as their variant) and goblet mucous 
cells, two kinds of cells enter into the composition of the intestinal lining; 
these are the chromafline and Paneth cells. 

The main epithelial cells are referred to in this work as epithelial cells, and 
are the most numerous type. The goblet cells, scattered between the epithe- 
lial cells, gradually increase in number from the duodenum to the rectum, 
where they are nearly always predominant and in some cases may form the 
entire intestinal lining. The number of goblet cells present in a particular 
region depends on the physiological phase; they increase during a fast and 
during the later stages of digestion, but diminish considerably in the first 
hours after the intake of food. The goblet cells are numerous in the crypts 
and diminish in number towards the top of the intestinal villi. 

Epithelial Cells 

These cells vary in shape and size, depending upon their situation and the 
degree of contraction of the intestinal villi. The oval nucleus is situated in 
the basal half of the cell, but is usually closer to the middle of the cell 
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than to the basal pole. The outer pole of each cell has a characteristic 
structure known as the striated border. It is a well-marked, girdle-like 
extension of uniform texture with delicate longitudinal striations; this 
region is free of cytoplasmic components. The cell membrane is very 
faintly marked. 

The epithelial cells of the Lieberkuhn crypts differ from those of the villi. 
The nucleus is large and is situated close to the basal membrane. A striated 
border is absent, and the cytoplasm has a much stronger affinity for dyes, 
such as haematoxylin and acid fuchsin, than that of the cells in the villi. This 
property creates some difficulties in cytological work, and demands careful 
handling during staining and differentiation. 

In' addition to the typical epithelial forms, a number of narrow, darkly 
stained cells are visible. Clara (1926) suggested that these are normal epithe- 
lial cells compressed by neighbouring goblet cells, or that they are goblet 
cells subsequent to the discharge of their mucous content. During the 
present investigation, it was noted that these cells become more numerous 
soon after feeding, while the goblet cells diminish considerably in number, 
and that they are very seldom present between the goblet cells. This strongly 
supports Clara’s second suggestion that the dark cells are regenerating goblet 
cells. Mitotic divisions are always present, but are found almost exclusively 
in the crypts. 

Little need be said regarding the morphology of the resting cells of speci- 
mens killed after 24 hours’ fast, except that the basal half of the cell appears 
to be more conically compressed than during digestion. In sections stained 
for mitochondria, no granules other than granular mitochondria, or cross- 
sections of rods and filaments, are present. After feeding the cell appears to 
be more uniform in width and the nucleus seems to move slightly from its 
central position towards the basal third of the cell. A light area without any 
distinct border becomes visible in the supranuclear region, and increases in 
sharpness and size as digestion proceeds. It corresponds closely with the 
area occupied by the Golgi material and is the negative image of the latter. 
In the rows of cells on a villus the areas form a lighter zone above, and parallel 
to, the anterior limit of the nuclei. Secretory granules, scattered in and above 
the Golgi field, are visible and increase in number during the phases of 
secretory activity (Text-fig. 3, figs. 9 “ 10 ) - There appears to be no funda- 
mental difference in the behaviour of the cells of the Lieberkuhn crypts. 
Here also secretory granules appear in the Golgi field. 

Golgi material. After feeding, the response of the Golgi material was found 
to vary greatly at different levels of the intestinal canal. .The best results were 
obtained by the examination of sections of the canal immediately above and 
below the line marked by the descending bowel content. The duodenum and 
the upper part of the ileum gave the quickest and most marked response, and 
are, therefore, the most favourable regions for observations. 

After a 24 hours’ fast the Golgi material in the epithelial cells throughout 
the entire length of the intestine shows approximately the same morphological 
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pattern. The Golgi material occupies a median position between the nucleus 
and the lumen; in this phase it is very small and consists of a few thin rods 
and threads with granular swellings of variable size, usually not more than 
twice the thickness of the threads themselves. The rods and threads are 
arranged more or less parallel to the longitudinal axis of the cell. A few cross- 
links, usually of very small diameter, connect the longitudinal threads so that 
the Golgi material appears as a simple elongated reticular structure (Text-fig. 
3, figs. 1-2; PI. II, fig. 13). In this phase, the Golgi material is most difficult 
to impregnate successfully. The Mann-Kopsch method gave the most satis- 
factory results, but the tissue must be kept for over 3 weeks in 2 per cent, 
osmium tetroxide at room temperature. Prolonged osmication is needed for 
the other osmic methods. Silver impregnation may be carried out for the 
usual length of time, but unfortunately, owing to the many silver deposits, may 
be used only as a control. 

After feeding, parallel with the movement of the food contents inside the 
bowel wall, marked changes in the Golgi material quickly take place. At the 
time when food material reaches the duodenum numerous secretory granules, 
arranged in compact clusters and longitudinal rows, appear in the Golgi 
region. The clusters create the illusion that fragmentation of the Golgi 
material takes place (Text-fig. 3, figs. 3-4; PI. II, fig. 14). This phase is of 
short duration and mature granules soon begin to move away from the Golgi 
field. At the same time the Golgi material begins to increase markedly in 
size and its reticulate structure becomes more evident. It is now a complicated 
structure with numerous granules situated along the connecting links and 
between the meshes of the network (Text-fig. 3, fig. 5; PI. II, fig. 15). Many 
granules which have moved away from the Golgi zone are present above it, 
and the stages of their development and terminal accumulation below the 
striated border may be followed with ease. The first cells to respond to 
stimulation are situated on the top of the villi, and the onset of secretion in 
the cells near the crypts begins later. This facilitates observation of the 
consecutive phases of secretion, which may be followed in a single villus. 
Approximately 1 hour after feeding, the Golgi material of the cells of the 
duodenum is a strong reticular structure stretching between the lateral cell 
borders. In neighbouring cells it is always at the same level and its position 
is not influenced by the distance of the nucleus from the basal pole of the 
cell; consequently, longitudinal sections across the villi show a wide, deeply 
impregnated belt situated parallel to and above the nuclei. Numerous granules 
in the supranuclear region give this part of the cell a much darker appearance 
than the remainder of the cytoplasm (PI. II, fig. 15). 

Analogous changes were easily followed in the proximal parts of the ileum, 
parallel with the progress of the bowel contents. These changes are less 
striking towards the terminal part of the small intestine, and in the lower part 
of the ileum they are scarcely, if at all, noticeable. In the caeca and rectum 
<no changes were observed. The maximum manifestation of the stimulating 
action, of food seems to be about 1 hour after direct contact with the contents 
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Text-fig. 3. 

All figures of intestinal epithelium. 

Figs. i~6 from Mann-Kopsch preparations; 7-1 a from Regaud preparations. 

Figs. 1 and a. Cells from villi, showing Golgi material; after 24 hours’ fast. 

Figs. 3 and 4. Cells of the upper part of intestine upon direct contact with food; 

fragmentation of Golgi material and new secretory granules. 

Fig. 5. Cells #f duodenum 1 hour after feeding; Golgi material hypertrophied and 

secretory granules shown above it. 

Fig. 6. Cell of glandular crypt showing Golgi material; after 24 hours* fast. 

Figs. 7 and 8. Chromaffin cells. 
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of the intestine. From that time slow retrogressive changes set in. In speci- 
mens which had constant access to food the shape of the Golgi material varies 
little, and is intermediate between that of resting and active cells of specimens 
previously starved. 

Besides the morphological changes, physico-chemical changes appear to 
take place in the Golgi material. With the onset of secretory activity there 
is a marked increase in the power of the Golgi material to reduce osmium 
tetroxide ; therefore a quicker and deeper blackening of the Golgi material is 
a visible manifestation of these changes. As already pointed out, resting cells, 
fixed in Mann-Kopsch, must be kept in osmium tetroxide for 3 weeks in 
order to give satisfactory results. In cells previously brought to the resting 
phase by fasting and subsequently stimulated by direct contact with food, 
the Golgi material is blackened after 2 weeks in osmium tetroxide. 

In cells prepared by osmic methods very small impregnated granules 
(mostly on the border of microscopic visibility) are present in various parts 
of the cytoplasm. In some cells a small agglomeration of granules is visible 
just below the nucleus. In the nuclear region, where only a narrow strand 
of cytoplasm lies between the cell membrane and nuclear membrane, the 
granules seem to lie on the surface of the nucleus and are deeply impregnated. 
The presence of granules below the nucleus in some cells suggests that their 
passage from the basal part of the cell towards the outer pole is obstructed 
by the nucleus. In the Golgi zone they are intermingled with the larger 
secretory granules. The granules increase in number during the secretory 
phase; this suggests that they may be the prototypes of secretory granules 
which at a later stage are intimately connected with the Golgi material. 
Further investigation on the nature of the granules is desirable. 

Mitochondria. In their distribution and arrangement the mitochondria of 
the intestinal epithelium of the domestic fowl follow the general pattern 
described by many investigators of vertebrate material. The anterior intesti- 
nal cells, where secretory response is most pronounced, were chiefly used 
for examination. In the resting phase two areas of mitochondrial aggregation 
were observed — one immediately below the striated border and the second 
in the basal subnuclear region of the cell. The aggregation at the outer pole 
of the cell is denser than that in the subnuclear region. In the rest of the cyto- 
plasm the mitochondria are less numerous and are fairly equally distributed ; 
they are practically absent from a small area directly above and below the 
nucleus (Text-fig. 3, figs. 9-10). All forms of mitochondria are present, but 
wavy and slightly curved filaments of various lengths predominate. Short 
rods and granules, though few in number, are also encountered. Short 


Fig. 9. Cell from villus of upper part of intestine after 24 hours* fast ; to show mito- 
chondria. 

Fig. io. Cell from villus of the upper part of intestine half an hour after feeding; to 
show mitochondria and secretory granules in Golgi field. 

Fig. 11. Cells of glandular crypt after 24 hours* fast ; to show mitochondria. 

Fig. 12. Cells of caeca; mitochondria irregular in shape and arrangement. 
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^filaments and rods appear to be more characteristic of the subnuclear zone, 
where only a few granules are seen. Polar orientation of the mitochondria 
parallel to the long axis of the cell is already well Jmown and has been de- 
scribed by most workers on the intestinal epithelium. 

Soon after the intake of food, at a time which closely corresponds to the 
first visible secretory response of the Golgi material, the mitochondria under- 
go certain changes. The more deeply stained segments, and bleb-like swelling 
which are present during the resting phase, disappear and evenly stained 
forms predominate. The agglomeration of the mitochondria close to the 
striated border becomes less marked and a more even distribution is observed 
in the supranuclear zone. Short and granular forms appear to diminish in ^ 
number but do not entirely disappear. A characteristic feature of the mito- 
chondria in this transitory phase, which is of shorter duration than the 
analogous period in the history of the Golgi material, is a decreased affinity 
for ordinary dyes such as acid fuchsin and haematoxylin. Consequently, 
more skill and care are needed in differentiation than during the other stages. 
It seems that Saito, describing his ‘primary mitochondria’, unwittingly re- 
ferred to this phase in which the mitochondria are most difficult to stain. 
Secretory granules appear in the Golgi area which now contains few mito- 
chondria and is visible as a light zone. While the small early granules stain 
deeply, the older ones, which become rather vesicular, stain very faintly, but 
are shown most successfully in sections stained with acid fuchsin. Subse- 
quently to this phase, the mitochondria exhibit a greater variety of form ; 
their tortuous lines make them similar to those described for the resting 
phase. 

Towards the posterior part of the alimentary tract, the mitochondria of the 
epithelial cells show greater variability; the threads are less regular and do 
not show such a marked polar orientation as in the duodenum. Bleb-like 
swellings, granular and ring-like forms are more numerous (Text-fig. 3, 
fig. 12). The response of the mitochondria in the lower parts of the intestine 
is slower and decreases progressively towards the end of the small intestine. 
In the cells of the crypts of Lieberkuhn, shorter filaments predominate over 
the other forms, and the mitochondria appear to be less numerous than in 
the cells of the villi (Text-fig. 3, fig. n). No change of form or disposition 
was noted in the mitochondria of these cells. 

Goblet Cells 

The present account does not provide much new information on the goblet, 
cells, and most of the observations made confirm the descriptions of previous 
workers on other animals. 

The goblet cells of the domestic fowl differ markedly from those of mam- 
mals. They are always in the form of a neatly shaped goblet. The lower 
part, which contains the nucleus and most of the cytoplasm with its compo- 
nents, is narrow. The nuclei of the goblet cells usually stain more deeply 
than those of epithelial cells. The Golgi material is situated between the 
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nucleus and the lumen and forms a network composed of rods and filaments 
of variable thickness (Text-fig. 4, figs. 1-6). 

In the early phases of secretion the Golgi material is present, for the most 
part, in the form of short segments and threads (Text-fig. 4, figs. 1-2). With 
the onset of secretory activity the reticulum becomes much more complicated, 
forming a cylindrical basket which stretches throughout the whole length of 
the narrow part of the cell. Secretory granules are visible in intimate con- 
nexion with the rods and threads (Text-fig. 4, figs. 3-4). Free osmiophilic 
granules are seen inside the basket intermingled with non-osmiophilic vesicles. 
The non-osmiophilic vesicles give a positive reaction with mucus-staining 
dyes, such as mucicarmine, toluidine blue, and thionine; they migrate from 
inside the Golgi basket to the outer pole of the cell where they gradually 
fuse together to form a uniform mass of mucus which replaces the cytoplasm 
and pushes the cytoplasmic components towards the narrow basal region (Text- 
fig. 4, figs. 5-6). 

Consecutive phases in the production of mucus may be traced by comparing 
Golgi preparations with material prepared for the demonstration of mitochon- 
dria and counter-stained with mucicarmine. As the formation of the goblet 
nears completion, the secretory process seems to diminish, and the Golgi 
material begins to return to its original form. Free secretory granules appear 
to be short-lived and their transformation into non-osmiophilic mucous vesi- 
cles must be rapid. The mitochondria are similar in form to those of the 
intestinal epithelial cells (Text-fig. 4, figs. 7-12). They are pushed towards 
the narrow basal part of the cell by the accumulation of the secretory mass in 
the goblet, and are most numerous close to the membrane separating the 
cytoplasm from the basal border of the mucous goblet (Text-fig. 4, figs. 11- 
12). No conclusive evidence was obtained suggesting their direct transforma- 
tion, or even participation, in the secretory processes. 

Chromaffin and Paneth Cells 

Only one type of these cells was observed in the material investigated. This 
type is present throughout the intestine and is most numerous in the crypts. 
In form, these cells vary from bottle-shaped, with the narrow neck directed 
towards the intestinal lumen, to spindle-shaped cells lying between the epi- 
thelial cells. The large lightly stained vesicular nucleus lies in the central 
part of the cell (Text-fig. 3, figs. 7-8). 

The cytoplasm is filled with a considerable number of granules possessing 
peculiar properties. In mitochondrial preparations they stain deeply and 
uniformly with haematoxylin. In impregnated material they blacken uniformly 
with osmium tetroxide, and as easily as the Golgi material during secretion. 
During fasting and at all times after feeding the cells behave in the same way 
and no differences in the number of granules, or in their staining properties, 
were noticed. 

The function of these cells remains obscure, and the present observations 
do not provide any new information. 
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Text-fig. 4. 

All figures show secretory cycle in intestinal goblet cells. 

Figs. 1-6 from Mann-Kopsch preparations; 7-12 frorii Regaud preparations. 
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Discussion 

Proventriculus 

The present account of the gastric epithelia of the fowl supplements pre- 
vious inadequate cytological studies on the avian stomach, and provides 
certain information not hitherto recorded. 

The present investigation demonstrates that the cytoplasmic components 
of the different types of gastric cells undergo marked changes during periods 
of fasting and after feeding. The changes observed vary considerably in the 
different types of cells; they are most prominent in the zymogenic cells and 
least striking in the cells of the surface epithelium. In all types of gastric 
cells the maximum accumulation of secretory material occurs after a 24 hours' 
fast. Subsequently to feeding there is a gradual decrease in the amount of 
accumulated secretory material, and the progressive evacuation, which begins 
immediately after food intake, reaches its peak about 2-3 hours after a meal. 
After that time there is a gradual increase in the amount of secretion present 
in the cells. A complete evacuation of secretory material does not take place 
at any time after feeding. All the gastric cells appear to exhibit constant 
secretory balance with variations depending on the intake of food and periods 
of fasting. 

As regards the cytoplasmic components it is of interest to note that the 
response in the gastric cells, due to feeding, is noticeably less marked than 
in those of the intestinal epithelium. This fact, as well as the constant 
presence of secretory material in all the gastric cells throughout the phases 
investigated, suggests that during fasting the secretory processes are greatly 
retarded, but are not completely suppressed and revive after feeding. This 
suggestion agrees with the observation of Ma, Lim, and Liu (1927), who, 
using the much more drastic methods of histamine stimulation on dogs with 
gastric fistula, never succeeded in exhausting the zymogenic cells to such an 
extent as to free them completely of secretion. Attempts to trace the early 
stages of secretion in each group of cells indicates that the granules originate 
in the Golgi field. Parallel with increased production of granules of secretion 
a moderate hypertrophy of the Golgi material takes place. In the mucous 
cells and surface epithelium the secretory granules were easily followed from 
the Golgi material to the outer glandular pole of the cell, but in the zymo- 
genic cells they could only be traced by comparing the impregnated material 
with sections stained for the demonstration of mitochondria. 


Figs. 1 and 2. Cells in the early stages of secretion; Golgi material small, few secretory 
granules. * 

Figs. 3 and 4. Cells in advanced stages of secretion; Golgi material hypertrophied, 
secretory granules more numerous. 

Figs. 5 and 6. Cells in terminal stages of secretion. 

Fig. 7. Cell in early stages of secretion, showing mitochondria. 

Figs. 8 and 9. Cells in advanced stages of secretion; showing secretory granules and 
vesicles. 

Figs. 10-12. Cells in terminal stages of secretion, showing mitochondria accumulated 
on the border of the mucous goblet. 
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The Golgi material of gastric cells was investigated by Golgi (1909), who 
pointed out that it varies greatly in different types of gastric cells. Golgi also 
directed his attention, and that of many subsequent workers, to the strange 
location of the Golgi material in the zymogenic cells. D’Agata (1910) at- 
tempted to prove that simple traumatic lesions may cause a reversal of 
polarity of the Golgi material of the superficial gastric epithelium. Giroud 
(1928), on the other hand, claimed that the equatorial situation of the Golgi 
material in zymogenic cells is a purely mechanical occurrence due to pressure 
from the secretory granules. It would seem from the available literature that 
most of the discussions on the Golgi material in the zymogenic cells and its 
peculiar topography are based on the original works of Golgi, and on those 
of Kolster (1913). None of the later workers, except Kopsch (1926) and 
Hibbard (1942), gave any information on their methods and degree of success 
in demonstrating the Golgi material of these cells. The present observations 
agree with the statements of other authors that the behaviour of the Golgi 
material of zymogenic cells is completely different from that of other glandular 
cells. The writer, however, believes that previous statements that the Golgi 
material of the zymogenic cells always lies lateral to the nucleus are inaccurate. 
A considerable variation in the position of the nucleus in relation to the Golgi 
material was observed during the present work. At the time when there is 
a marked accumulation of secretory granules, the nucleus moves towards the 
basal membrane, and is encircled by the Golgi material in the form of a 
vertical collar. When the granules decrease in number, the nucleus moves 
towards the central part of the cell and leaves the Golgi material behind in 
its former position. The question of the reversed polarity of the Golgi 
material was a problem which involved much discussion and controversy. 
The stable position of the Golgi material observed in the present work 
suggests that in the case of these cells, and perhaps also in other cells, its 
polarity is purely relative, depending upon the free movement of the nucleus 
which appears to be independent of the Golgi material. The present observa- 
tion strongly supports Pollister’s conclusion (1938) that the peculiar orienta- 
tion of the Golgi material in the zymogenic gastric cells is not associated with 
the nucleus, but is in relation to the zone of discharge of secretion. Pollister 
stresses further that careful study of the course of the capillaries at the base 
of these cells makes it clear that the Golgi material is oriented in relation to 
the course of cytoplasmic flow between the blood capillaries and the secre- 
tory surface. 

Much work has been carried out on the mitochondria of the zymogenic 
cells. Perhaps because of difficulties, and in most cases because of failure, to 
demonstrate the Golgi material the attention of many workers, especially those 
who looked on the mitochondria as centres of secretion, has been directed 
to the appearance of these cytoplasmic components in different functional 
phases. Some of the earlier workers stated that mitochondria are less abun- 
dant in loaded zymogenic cells than in those from which the granules of secre- 
tion have been discharged (Eklof, 1914; Tschassownikow, 1927). 
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The Chinese school of cytologists, following Cowdry’s conception, pub- 
lished a series of papers on zymogenic cells in which, with the help of elabo- 
rate descriptions, ^they ascribe to the mitochondria an exclusive, or at least 
a major, role in secretion (Lim and Ma, 1927; Ma, Lim, and Liu, 1927; Ma, 
1928; Ling, Liu, and Lim, 1928). The present observations do not furnish 
any evidence that the mitochondria take a direct part in cellular secretion. 
The only changes observed in the mitochondria were restricted to the 
zymogenic cells, and these were changes of shape and disposition. In 
the cells of the surface epithelia mitochondria are few in number, and 
many secretory granules are produced soon after the intake of food; it is 
unlikely, therefore, that morphological changes of the mitochondria were 
overlooked. 

Intestinal Epithelium 

The ease with which the intestinal epithelium may be stimulated to 
secretory activity has attracted many workers, and extensive observations 
have been carried out on active and inactive cells of invertebrate and verte- 
brate animals. Many of the earlier workers noted that the Golgi material 
and the mitochondria undergo morphological changes which are correlated 
with functional activity of the cells. Eklof (1914) claims that he observed 
a large number of mitochondria which showed greater structural variations 
during the digestive process than after a fast of 24 hours. Millet (1922) 
maintains that in the final stage of secretion in rats mitochondria are absent 
from the intestinal epithelium, while Saito (1933) describes, in the same 
animals, a breaking up of filamentous forms into granules half an hour after 
feeding. Recently, Williams (1943) worked on the mitochondria of the in- 
testinal cells of the Japanese salamander ( Triturus pyrrogaster ), and states 
that, during digestion and absorption as well as during fasting and inanition, 
all forms of mitochondria are present. He maintains that the correlation 
between the mitochondria and the stages of digestion is not merely one of 
shape, but of the relative number of the different forms present and of the 
distribution of the mitochondria in the cytoplasm. Accounts of the Golgi 
material of the intestinal epithelia are more numerous and more detailed. 
Corti (1926) and Liu (1930) are the only authors who claim to have observed 
the fragmentation of the Golgi material after feeding. Cramer and Ludford 
(1925), in their study of the role of the Golgi material during fat absorption 
in mice and rats, observed that the small amount of Golgi material which is 
present during the fasting condition swells up and enlarges after absorption 
of fat, so as to form a network which fills the area between the nucleus and 
the free border. They maintain that the absorption of food material, other 
than fat, is not associated with any changes in the morphology of the Golgi 
material. Weiner (1928), using various animals (frog, white mouse, field 
mouse, white rat, and axolotl), records changes in both the mitochondria 
and Golgi material during fat absorption. The Golgi material becomes more 
deeply impregnated with osmium tetroxide, and there is a thickening of the 
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threads of which it is composed. Subramaniam ( 1938 ), in his work oft the 
Golgi material in the intestinal cells of Lumbriconereis , describes an increase 
in the number of Golgi grains during secretion, and an intimate relationship 
between the first secretory granules and the chromophobic region of the Golgi 
batonnettes. Jacobs (1929) makes a similar claim for the cells of the mid-gut of 
Astacus leptodactylus. 

The present account shows that, apart from the morphological and struc- 
tural differences characterizing a particular group of cells, there are marked 
differences in the manner of reaction of cells from different regions of the 
alimentary tract during fasting and feeding. The secretory cycle of the main 
cells is easily influenced and brought to the resting phase by a short fast; in 
the mucous goblet cells, however, secretory activity seems to be governed by 
entirely different factors. Besides this difference, the same kind of cells in 
various parts of the intestinal tract respond differently, and very probably 
perform different functions. 

Gresson (1934), working on the mid-gut of Peripbneta orientalis , described 
two kinds of cells, i.e. secretory and absorptive; the former, which are filled 
with secretory granules, are predominant in the upper part of the mid-gut and 
are very seldom observed in the posterior part. This author maintains that 
undoubtedly the function of the posterior part of the mid-gut is mainly 
absorptive. Williams (1943), working on Japanese salamanders, noted that 
the response of the mitochondria to fasting and feeding is most pronounced 
in the anterior intestinal cells. During the present investigations it was ob- 
served that this is also true of the Golgi material, and that moving from the 
duodenum towards the posterior part of the alimentary tract the intensity 
of the changes of the Golgi material diminishes gradually and disappears 
completely in the lower parts (caecum, rectum). It was also noted that the 
main epithelial cells when brought to a resting phase by fasting become 
strongly sensitized to the subsequent administration of food and show promi- 
nent morphological changes. The present observations, following the routine 
of taking samples from the parts above and below the line marked by the 
descending bowel contents, show clearly that the first apparent secretory 
changes are initiated by the direct contact of the cell with food. That the 
cells present on the top of the villi respond more quickly than those situated 
below supports this statement. The gradual decline and total disappearance 
of the morphological changes in the posterior part of the intestine are no 
doubt connected with the various functions of the different parts of the in- 
testinal lining. The present account agrees with previous contributions in 
that the proximal part of the intestine is chiefly concerned with secretion* 
and the distal part with absorption. These claims are supported by the fol- 
lowing: Striking changes in the Golgi material of the upper part of the in- 
testinal epithelium are visible as soon as the bowel contents reach this region, 
usually in less than half an hour after the intake of food. It is difficult to 
imagine that in such a short time digestion could take place to such an extent 
as to convert the food into an assimilable form, and consequently that the 
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changes in the Golgi are concerned with absorption. Secondly, the progressive 
phases in the production of the secretory granules clearly indicate that all 
these granules make their way towards the striated border of the cell. There 
is no indication that any of the granules take a different course, i.e. towards 
the basal part of the cell, as they would do if composed of absorbed material. 
Examination of material from birds killed at various times after fasting and 
feeding shows clearly that the Golgi material plays a specific part in secretion 
and that to deny its participation in secretory phenomena would be more 
than illogical. 

Sudden and short-lived changes in the mitochondria during the first transi- 
tory phase, when the cell components seem to be mobilized for the secretory 
process, are an indication of their share in the synthesizing phenomena which 
terminate in the production of free granules. 

The diminished morphological changes of all cell components in the lower 
parts of the intestinal tract undoubtedly indicate that secretion in this part 
(except mucus) must be very limited, or even non-existing, and that absorp- 
tion does not actively influence the cell components. 

I wish to express my thanks to Professor James Ritchie for granting me 
facilities to carry out this work, and to Dr. R. A. R. Gresson for help and 
valuable suggestions. My thanks are also due to Dr. W. A. Greenwood for 
kindly providing me with the birds for this work. 


Summary 

1. Proventriculus 

The Golgi material of all the gastric cells, except the zymogenic cells, is 
situated between the nucleus and the lumen of the gland. In the zymogenic 
cells it always lies at the level of the bottom of the intercellular clefts. The 
apparent reversal of the polarity of the Golgi material of the zymogenic cells 
is due to the movement of the nucleus. 

The mitochondria of the surface epithelium and the mucous neck cells are 
very delicate filaments. In the zymogenic cells thick rods and granules are 
usual. The functional stage is characterized by the presence of long rods with 
marked polar orientation. 

Secretory granules arise in close association with the Golgi material of all 
the gastric cells. Feeding accelerates the evacuation of secretion and immedi- 
ately stimulates new production. A total expulsion of secretory granules never 
takes place in any of the gastric cells. 

2. Gizzard 

The keratinoid material is a secretory product. The Golgi material does 
not undergo any changes after feeding. The secretory process is very slow 
and is independent of digestion. Secretion terminates with the degeneration 
and ultimate death of the cell. 
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3. Intestinal epithelium 

s The Golgi material of the epithelial cells lies above the nucleus. It shows 
marked changes of morphological and physico-chemical nature as soon as 
the rcilia® cell is stimulated by direct contact with food. 

The mitochondria are in the form of filaments, rods, and granules. Their 
polar arrangement is a constant feature. When the cell is first stimulated by 
food, the mitochondria stain very faintly. 

Secretory granules arise in close association with the Golgi material ; they 
move towards the glandular pole of the cell. Morphological changes of the 
Golgi material and mitochondria diminish and finally disappear in the pos- 
terior parts of the alimentary tract. 

4, Goblet cells 

The Golgi material lies above the nucleus. During secretory activity it 
enlarges greatly; it decreases in mass during the final stage of secretion. 

The mitochondria are in the form of filaments, rods, and granules. With 
the accumulation of secretory material, the mitochondria collect on the border 
of the mucous mass and in the cytoplasm of the narrow part of the cell. 

Secretory granules arise in close association with the Golgi material. The 
secretory process of these cells is autonomous and is not directly correlated 
with digestion. 
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Description of Plate I (Photomicrographs x 1,200) 

Fig. 15. Mucous neck cells; Golgi material in form of basket-like structure below the 
mucous mass. 

Fig. 16. Zymogenic cells, showing Golgi material; transverse section of glandular tubules. 

Description of Plate II (Photomicrographs x 1,200) 

Fig. 13. Cells from a villus showing Golgi material; after 24 hours’ fast. 

Fig. 14. Cells from a villus upon direct contact with food ; fragmentation of Golgi material. 
Fig. 15. Cells from a villus 1 hour after feeding; Golgi material hypertrophied. 
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W ITHIN recent years the important investigations of Parat (1928), 
Hirsch (1939), Worley (1943), and Baker (1944) have extended our 
knowledge of the form, function, and cyclical activity of the intracellular 
organoids, more especially with regard to the so-called Golgi apparatus. 

No longer is it permissible for the cytologist to rely solely on the appearance 
produced in cells by the classical methods of silver and osmium impregnation 
for his identification of these organoids. Such studies must be carefully 
controlled wherever possible by observation of living cells and by the applica- 
tion of vital and supravital staining. Worley (1946) in concluding his recent 
review of the Golgi apparatus emphasizes this point of view when he states : 
‘Studies of the Golgi apparatus should always involve a comparison be- 
tween fixed and living tissue. No structure in the cytoplasm of either the 
vitally stained or the fixed cell should be accepted unless there is a fairly 
perfect correspondence between the two types of material. In general 
structures that blacken with prolonged osmication, and stain vitally with 
methylene blue may be considered a part of the total Golgi complement of 
the cell. , 

In this study it was decided to carry out an investigation on living or 
freshly teased nerve-cells; first by direct observation with transmitted, dark 
field, and phase-contrast microscopy to identify as far as possible all the intra- 
cellular structures which could be identified on the basis of a specific and 
constantly recurring morphology; secondly to submit these structures to a 
series of procedures with vital dyes, histochemical tests, and further to record 
the effects of fixation, staining, and metallic impregnation of these bodies. 
Throughout the earlier part of this investigation no reference was made to 
the relevant literature with its host of conflicting views, since it was thought 
that it would have a baneful influence in forming preconceived and possibly 
ill-founded ideas of these structures. For this reason the familiar terms, 
Golgi apparatus, Golgi complex, mitochondria, &c., are not used within the 
section of this paper describing the observations but are reserved for the 
subsequent discussion. 

After some thought the neurones of Helix aspersa were chosen for this 
study since this mollusc or closely allied species have almost a world-wide 
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distribution and the experiments described in this paper can be reproduced 
and verified easily by other investigators. 

Methods 

The freshly teased nerve-cells of the post- and mesocerebrum of Helix 
aspersa were examined in a few drops of 07 per cent, sodium chloride con- 
taining 0 2 per cent, of 10 per cent, anhydrous calcium chloride. Trans- 
mitted, dark field, and phase-contract illumination were employed in this 
study. The phase-contract microscope and equipment were identical with 
that used in a previous investigation of these cells (1 homas, 1947)- 

Supravital and intravital staining were carried out with neutral red chloride, 
methylene blue B.D.H. 5612137410131, nile blue, and Janus green B (Hochst) 
dissolved in the required concentrations in 07 per cent, sodium chloride 
solution containing 0-2 per cent, of 1 o per cent . calcium chloride. For intravital 
staining about £ c.c. of the solution was injected into the haemocoele with 
a fine hypodermic needle through the expanded foot of the snail at a point 
about midway between the head and posterior part of the metapodium. The 
animals were killed by quick decapitation while in the expanded condition. 

For fixed material the following techniques were employed: 

1. The acid haematein test of Baker (1946) followed by the pyridine extrac- 
tion control test. 

2. Altmann’s acid fuchsine picric acid stain for mitochondria, following 
Schridde’s fluid or Bensley’s acetic, osmium, dichromate fixative. 

3. The Azan stain of Heidenhain and Masson’s technique following 
Zenker-Formol and Carnoy fixation. 

4. Mann-Kopsch technique and the variant described on p. 455. 

5. The sudan black B technique of Baker (1944) for the demonstration of 
the Golgi apparatus in frozen sections. 


Observations 

The Living Cell 

The cerebral ganglia of Helix aspersa consist of two lateral masses con- 
nected by a supra-oesophageal commissure. Each lateral mass contains a 
fusion of three separate ganglia— a procerebrum consisting of small cells 
which according to Hanstrom (1928) are mainly association neurones, and the 
mesocerebrum and post-cerebrum. The mesocerebrum contains numerous 
large cells whose axons after a short course branch diversely. Some of these 
branches run via the central commissure to the ganglia of the opposite side, 
whereas the remaining fibres either pass to the pedal commissure or anasta- 
mose with the ipsilateral neurones of the post- and procerebrum. The post- 
cerebrum similarly contains large unipolar neurones which are concerned 

with tentacle reflexes. , , , , 

These ganglia can be easily isolated by gentle teasing of the fused mass. 
Usually the cells of the post- or mesocerebrum were selected for study, as 
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their average size of about 50 fi in diameter makes them very suitable objects 
for high-power study with the microscope. Occasionally pieces of the small- 
celled procerebrum may by accident be included in the teased preparation, 
but with experience in manipulating the material suitable groups of medium- 
sized cells can be quickly selected and spread out between coverglass and 
slide. 

Particular attention has been paid to the examination of the cytoplasm of 
these cells with both transmitted and phase-contrast illumination. In addition 
to the neurofibrils and the very small particles (the microneurosomes) pre- 
viously described (Thomas, 1947), two further categories (Text-figs. 1 and 2) 
of intracellular structures could be clearly discerned within these neurones: 

1. Elliptical corpuscles with attached granules, hereafter described as 
spheroid complexes. 

2. Minute filaments and coccoid chains. 

The Spheroid Complexes 

These structures or systems appear as a varying number of small refractile 
globules or spheroids scattered throughout the cytoplasm, each consisting 
of a spheroid of optically clear homogeneous material to which under optimal 
conditions of observation one or more still smaller dark granules can be seen 
to be attached. These dark granules occur irregularly around the periphery 
of the spheroid and are best seen by slightly reducing the illuminating pencil 
of light or by using phase-contrast microscopy. 

When the cell is crushed between coverglass and slide so as to rupture 
the cell membrane these structures can be seen to flow out freely with the 
cytoplasm. On one occasion under these conditions the separation of one 
of the dark granules from its spheroid was witnessed and the impression was 
gained that the granule had a morphological identity of its own. It was 
henceforth decided to give the name spheroid complex to the combination 
of the colourless spheroid and its accompanying granule or granules. It 
must be mentioned that the term spheroid complex at this stage is provisional 
and does not mean that the attached granules or granule can always be 
demonstrated, since in some cases they may be situated on the deep aspect 
of the spheroid and (being turned away from the view of the observer) will 
therefore be invisible. 

On the average the spheroids are about 1*5 n in diameter, but they vary 
quite considerably in size within any one cell (Text-fig. 1). The attached 
granules are too small for accurate measurement, but they are considerably 
larger than the individual microneurosomes. In general these complexes tend 
,to be aggregated in the cytoplasm surrounding the nucleus. Occasionally in 
the larger nerve-cells large spheroid complexes occur which present a some- 
what scalloped outline, resembling a diminutive mulberry (Text-figs. 1, 2, 5). 

These mulberry forms are sometimes present in very great numbers 
within the neurones of fully grown specimens of Helix and tend to be 
accumulated at one pole of the cell. Such a mass may be clearly visible even 
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with the low powers of the microscope, since each mulberry spheroid being 
tinged somewhat yellow gives to the whole group a distinct golden-yellow 
colour. 

The Filaments and Coccoid Chains 

In addition to the spheroid complexes a number of slender colourless 
filaments, usually somewhat slightly bent towards one end, are scattered 



Text-fig. i. A composite diagrammatic drawing of a neurone of Helix aspersa showing the 
morphological characteristics of the two categories of intracellular organoids observed with 
the techniques used in this study. 


throughout the cytoplasm. Further, there may occur tiny chains of 5 or 6 
small refractile bead-like structures, resembling somewhat in appearance and 
size a chain of streptococci (Text-fig. 1). It is characteristic of both these 
filaments and chains that they are scattered about in a haphazard fashion 
and are never collected into regular rows like the neurofibrils. A number of 
discrete single coccoids of the same order of size as the coccoids of the chain 
forms described above can also be seen within the cell and, in fact, predominate 
if the filaments or chains are absent. 

Vitally Stained Material 

Neutral red chloride. This dye has the power of staining strongly the 
spheroid complexes to the exclusion of all other structures within the cell. 
Concentrations of dye as low as 1:100,000 were used supravitally, and 
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although at such a dilution no colour could be detected in the surrounding 
medium, the cells after a period of 20-30 minutes imbibed the dye, con- 
centrating it very selectively within the spheroid complexes, revealing them 
as bright brick-red structures. 

When neutral red in saline is injected into the haemocoele of the snail and 
the animal killed within 10-15 minutes, the small dark granules of the 
spheroid complexes are in addition especially well revealed as very strongly 
stained granules, whereas the related spheroid itself has under the conditions 
of the experiment only assumed a slightly reddish tinge. Longer applications 
of the dye by the injection route will produce an exactly similar appearance 
to that of the supravital method, but the differential coloration of the com- 
plex will be lost. Likewise preparations that are showing full and generalized 
staining of the complex can be made to reproduce the spheroid plus granule 
appearance by simply waiting for some minutes longer for the dye to begin 
to be reduced to the leucobase under the relatively anaerobic conditions 
obtaining beneath the coverglass. As the red colour fades from the spheroid 
itself the attached granule or granules are beautifully revealed with the utmost 
distinction, and will remain as much brighter red granules resisting tenaciously 
further reduction of the contained dye. In other words, during progressive 
vital coloration the granule always stains before the spheroid, but later, after 
the whole system is homogeneously coloured red, the granule then becomes 
invisible and only finally reappears as reduction to the leucobase produces 
differentiation of the spheroid complex into its constituent parts. 

Methylene blue 1:10,000-1:100,000, like neutral red, produces best results 
when it is injected in saline solution into the haemocoele. Staining is similarly 
restricted to the spheroid complexes. The attached granules are particularly 
well shown. When the dye is allowed to act for short periods of 10—30 
minutes, most of the spheroids are of a faint pale-blue colour and their 
attached granules are by comparison very sharply shown as dark blue. If the 
dye acts for an hour or more the dark staining of the granule is lost, but 
stained areas of varying pattern appear to be closely applied to the spheroid. 
A selection of the various shapes these stained structures may take is repre- 
sented in Text-fig. 2. This drawing was made during observation of a group 
of living cells and represents the forms more frequently seen. These darkly 
staining areas appear as complete or local thickenings in what is usually a 
pale-staining investment to the spheroid. This investment when stained 
completely and seen in optical section appears as a rim. In other cases there 
is an appearance of a crescent which is perhaps due to partial staining of 
this rim or to staining of a locally thickened area of the rim. In still other 
cases, columns or complete bands appear around the periphery of the 
spheroid and these again may be due to viewing the locally stained 
crescentic areas from the side. 

It might be assumed that these appearances of a complete or incompletely 
stained investment were due to a swelling and elaboration of the simple 
granule. This cannot be definitely established since in a few cases spheroids 
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possessing rims or localized areas of darkly staining material had distinct 
granules attached to other parts of their circumference (Text-fig. 2). 

After prolonged application of the dye, the material of the spheroid itself 
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Text-fig. 2. The various shapes of dark-staining granules (a and c), rims (d), crescents 
(f), and bands (e and g), taken by the chromophil substance when the spheroids are stained 
with vital methylene blue. B represents a mulberry spheroid with attached granules of 
chromophil substance. The chromophobe area has accumulated a mass of yellowish Golgi 
product (the lipochrome of Legendre). With methylene blue this product is but faintly 
stained, but it is itself coloured with sudan or osmium. Cf. Text-figs. 4 and 5. 

Text-fig. 3. A camera lucida drawing of a smeared neurone subjected to warmed osmic 
vapour. The chrorriophobe spheroids exhibit exaggerated caps or ‘cocked hats’. Coalescence 
of adjacent caps to form an irregular black lump is illustrated. 

Text-fig. 4. A camera lucida drawing of a neurone completely immersed in a solution 
of osmium tetroxide. The spheroids and mulberry forms are completely blackened. No 
differentiation into chromophil and chromophobe areas are visible. 

in most cases appears to be stained homogeneously throughout. Finally, coin- 
cidently with death of the cell, the nucleus and cytoplasm become stained. 

Nile blue 1 : 10,000 in saline will give precisely the same results as methylene 
blue. The attached granules are stained blue while in some cases the substance 
of the larger spheroids is tinged a reddish colour. 
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Janus green B (Hochst) 1 : 10,000 was applied by the supravital method. 
Considerable difficulty was experienced in getting the stain to work and in 
successful preparations only a few cells took up the dye. This substance was 
found to colour the delicate filaments and coccoid chains and individual 
coccoids, and to leave the spheroid complexes unstained. However, when 
once staining has occurred the great specificity of this dye is dramatically 
exhibited. Best results were obtained by compressing a group of cells and 
then examining those at some distance from the edge of the flattened mass. 
Cells at the edge usually show diffuse staining of the nucleus and cytoplasm, 
whereas cells in the centre are wholly unstained. Somewhere along this 
gradient optimal conditions obtain for the reaction and preparations must 
be very carefully searched for successful results before being discarded as 
useless. 

Osmium Tetr oxide 

Freshly teased cells were spread out on a coverglass and then inverted over 
a cavity slide containing a drop of 2 per cent, osmium tetroxide. Cells at 
the periphery of the preparation became immersed in the solution, whereas 
the more centrally placed cells were separated from contact with the osmium 
tetroxide by a small air space, and hence were only subjected to the action 
of the vapour. As a result the action of this reagent could be watched pro- 
gressively under two sets of conditions. In addition some preparations were 
placed in an incubator at 37 0 C. and inspected every few minutes in order 
to observe the effect of heat upon the osmication process. 

Cells subjected to the action of the vapour only showed a progressive 
blackening of the cortex of the spheroid complex. This blackening first 
appears in optical section as a delicate complete rim, but very soon one 
portion of the periphery of this rim becomes appreciably thickened to form 
first a crescent-shaped cap which is finally expanded into a much larger 
structure resembling in relation to the almost unblackened central core a 
miniature cocked hat. Text-fig. 3 gives a good representation of these ex- 
panded crescents produced by prolonged osmication. Usually the base of 
the cap or cocked hat of blackened material is continuous with the faint 
blackened rim to the whole spheroid. The blackened tract of material then 
resembles a signet ring placed over a ball (the spheroid). 

When heat is applied osmicated caps of adjacent spheroids not infrequently 
are seen to coalesce to form an irregular black lump (Text-fig. 3). The actual 
process of fusion can, in fact, be witnessed. As coalescence occurs in those 
cells which were subjected to the heated osmic vapour and not in cells im- 
mersed in the cool fluid, it is probable that the heat produces some desiccation 
of the preparation as a necessary preliminary condition for producing this 
effect. Coalescence of the osmicated caps of adjacent spheroids was not 
witnessed in material kept at room temperature. 

In cells wholly immersed in a solution of osmium tetroxide the spheroids 
do not show attached caps or ‘cocked hats’ : instead there is a gradual and 
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progressive blackening of the whole spheroid. At all stages the spheroids 
appear to be quite homogeneous without differentiation into an outer blackened 
and inner clear zone as is the case with osmic vapour. 

Fixed and Stained Preparations 

The formal-sudan-black technique of Baker (1944) produces in the cell 
a picture somewhat intermediate between that of osmic vapour and that of 
direct immersion in osmium tetroxide solution (Text-fig. 5). Most of the 
large mulberry spheroids are totally blackened with the sudan, but in addition 
all degrees of the differentiation of the spheroids into an outer blackened 
and a pale inner zone occur — signet-ring forms with complete rims and 
thickened caps, incomplete rims appearing as crescents and sometimes only, 
one or more discrete granules attached to a colourless spheroid. In a large 
cell the total number of these systems or complexes may be very great indeed, 
and the casual observer may mistakenly dismiss the smallest complexes as 
a collection of granules. However, careful study will show that invariably 
the ‘granule’ i s s, in fact, a compound structure. The tiny coccoid rods and 
filaments stainable with Janus green do not blacken with this technique and 
remain invisible in these preparations, but sometimes one finds a ground- 
work of extremely fine black granules forming a dark zone surrounding the 
nucleus, especially in the larger nerve-cells. These dark areas can only be 
adequately described as perinuclear clouds, for the precise resolution of their 
individual particles is a matter of the utmost difficulty. In some cases this 
material may appear in flocculent, more or less rounded patches occurring 
throughout the cytoplasm. 

The acid haematein test for lipines after Baker (1946) was applied to this 
material and the observations controlled by the pyridine extraction test. 
Baker’s technique stains the spheroids a bluish-grey colour. When observed 
in optical section the impression is gained that the lipines form an outer skin 
to the spheroid which itself does not give a positive reaction with the acid 
haematein. In some cells a diffuse cloud of lipine occurs throughout the 
cytoplasm (Text-fig. 6). In their general morphological distribution these 
lipine clouds correspond to the diffuse sudanophil material observed with 
the sudan black technique of Baker (1944). With the pyridine extraction test 
the cells show a clear cytoplasm with distinct staining nuclei. The spheroid 
skins and diffuse clouds observed with the acid haematein test are not visible. 
In some cells complete ‘negatives’ or ‘ghosts’ of the spheroids can be seen 
as clear spaces in the cytoplasm. 

With the Mann-Kopsch technique a very different picture of the cell is 
obtained from that observed in the vital studies and with the techniques 
described above. 

Instead of a number of spheroids with attached rims, crescents, or granules, 
the cytoplasm is crowded with a large number of osmiophilic curved rods or 
batonnettes resembling the batonnette of the molluscan ‘Nebenkern’. Each 
rod is surrounded by a more or less osmiophilic zone of cytoplasm. This 
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‘neoformation* within the cell is at first sight very puzzling, and it was thought 
that these curved rods might be the rims or crescents of the spheroids 
distorted somewhat by the fixation and thickened by aggregation of osmium 




Text-fig. 5. Camera lucida drawing of a neurone prepared by the Baker technique. 
A close representation of the living and vitally stained cell is obtained. The mulberry 
spheroids are totally blackened owing to the fatty Golgi product contained within the spheroids 
colouring with the sudan black. 

Text-fig. 6. A group of neurones prepared by the Baker acid haematein test. Flocculated 
clouds of lipine occur throughout the cell. The spheroids are visible because their skins 
give a positive reaction for lipine. 

Text-fig. 7 a. A neurone prepared by the Mann-Kopsch technique. The so-called 
Golgi dictyosome and archoplasm can be readily seen, produced by the use of this method. 
B. The same cell after partial bleaching with the Verrati bleacher. The ‘archoplasm’ dis- 
appears and the dictyosome, greatly reduced in thickness, can usually be resolved into a row 
of coccoids. This evidence supports the view that the dictyosomes are artifacts produced by 
the over-impregnation of the mitochondria, and do not represent the true Golgi apparatus 
of Helix. 


particles. Further, it was possible that the spheroid itself might have collapsed 
and dispersed to form the lighter osmiophilic zone around the batonnettes. 

This idea was put to the test by first locating a suitable group of cells from 
a Mann-Kopsch preparation, tracing with the camera lucida an accurate out- 
line of the cells, and marking within the exact position of some of the most 
distinct batonnettes. The coverglass was then soaked off the slide and the 
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preparation passed through xylene and the alcohols to water. The osmium 
was then completely removed from the sections by immersion in the acid 
permanganate bleacher of Verrati (see Gatenby, 1939 )* The shde was then 
washed in water, placed in 70 per cent, alcohol, and then treated with a 
saturated solution of Sudan black B in 70 per cent, alcohol for 10 minutes. 
After a quick rinse in 50 per cent, alcohol it was washed in water and 
mounted in Farrants’s medium. 

The same cells were then brought into the field of view and a fresh drawing 
made of the appearances produced by the application of sudan black. By 
comparing the drawings it was possible to assess the results of the two 
different techniques upon the same cells. 

The ‘restained’ cells showed very precisely numbers of typical spheroid 
complexes which were previously invisible in the same cells after the Mann- 
Kopsch technique. It was obvious that the mercuric osmium fixative had 
preserved the spheroids but the subsequent osmication had failed to exhibit 
them. Further, the dehydration, embedding, and bleaching procedures had 
failed to remove them from the cells. In fact the bleached and sudan-treated 
sections compared more than favourably with the frozen section material 
prepared by the original Baker technique. 

In this way it was established beyond doubt that the characteristic baton- 
nette obtained by the Mann-Kopsch technique does not bear any positional 
or morphological relationship to the spheroid complexes exhibited by the 
Baker technique. Further, as these sudanophil spheroids can be definitely 
correlated with the spheroids seen in the living cell and the vitally stained 
preparations, whereas the osmiophilic batonnette did not appear to have such 
a counterpart, it was thought possible that perhaps the batonnettes were 
either artifacts produced by non-specific reduction of osmium tetroxide or 
perhaps a structural component of the cell which had hitherto resisted all 
attempts to disclose it. 

This problem was attacked by arranging for a number of ‘successful’ Mann- 
Kopsch preparations exhibiting intracellular batonnettes to be bleached in 
the Verrati bleacher for graded periods of time so as to reproduce in a series 
the various appearances of the batonnettes as the osmium was regressively 
removed. Experimentally this regressive technique is a much easier procedure 
than to arrange for a series of progressive impregnations of the batonnette. 

The results obtained were very illuminating. The first part of the reduced 
osmium to disappear during the bleaching process is the brownish zone 
surrounding the batonnette. This is followed by the gradual removal of 
osmium from the rod itself which consequently becomes much thinner in 
appearance. Not infrequently some of the batonnettes are reduced to a row 
of distinct cocci. These stages are illustrated in Text-fig. 7. Finally, if the 
bleaching is continued all the osmium can be reduced from the sections. 

The absence of any impregnation of the spheroids by the Mann-Kopsch 
technique was somewhat unexpected, as these bodies had already been im- 
pregnated successfully by osmic vapour and with immersion in simple 2 per 
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cent, osmium tetroxide. The combination of mercuric chloride with osmium 
tetroxide in the Mann-Kopsch fixing fluid was considered to be responsible 
for the shifting of the selectivity of the osmium from the spheroids to the 
counterparts of batonnettes in the living cell. A series of experiments was 
planned with variants of the Mann-Kopsch technique, in which the fixative 
action of the sublimate was dissociated from the subsequent impregnating 
action of the osmium tetroxide. The following variant proved the most 
reliable for impregnating the spheroids with osmium : 

1. Fix whole ganglia in a saturated solution of mercuric chloride in 0*75 
per cent, sodium chloride. 

2. Remove excess of mercuric chloride by thorough washing in running 
water for 12 hours. 

3. Leave in distilled water overnight. 

4. Transfer to a tube containing enough of a simple 2 per cent, solution 
of osmium tetroxide to cover the tissue, close the tube with a rubber 
stopper, and leave in the dark at room temperature for 1-6 days. 

5. Pieces should be removed at the end of each day and washed for 3 hours 
in running water. 

6. Dehydrate in alcohols, embed, and cut. 

With this method the complete spheroids are thoroughly impregnated and 
appear as a number of homogeneous black globules. 

Differentiation of the spheroid complex into darker rims or caps attached 
to lighter more translucent spheroid bodies is not evident. If these prepara- 
tions are now regressively bleached with the Verrati bleacher the impregnation 
can be shown to extend evenly throughout the whole mass of the spheroid. 
As the result of bleaching a clear rim appears at the periphery of the black 
globule and this increases pari passu with the reduction in its size until finally 
a completely decolorized negative or ‘ghost’ of itself is produced. Such a 
chain of events can only be consistent with the progressive removal of the 
outer layers of a homogeneously blackened spheroid. 

Similarly it was found that the spheroids can be impregnated, although 
rather faintly, during the course of fixation and without subsequent post- 
osmication if tissues are placed in Schridde or Bensley’s acetic osmium 
dichromate fixative. The blackish spheroids are at once visible on removing 
the paraffin from the sections and before staining. Some sections exhibiting 
this phenomenon were stained by the technique of Altmann with acid 
fuchsine and differentiated in aqueous picric acid. 

A number of the lightly osmicated spheroids prepared by this method 
were seen to possess a clearly differentiated bright fuchsinophil rim which 
in some cases showed local thickening, giving to the whole a signet-ring 
appearance exactly comparable with the similar appearances produced by 
osmic vapour. 

The Altmann technique also reveals the presence of slender rods and 
coccoid chains together with individual cocci. These structures jyre morpho- 
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logically identifiable with the filaments and chains exhibited with Janus 
green B used as an intravital stain on living cells. 

The staining reactions to acid fuchsine of the two distinct categories of 
intracellular bodies, the attached rims or caps of the spheroid complexes and 
the detached and separate coccoid chains or filaments, thus appear to be 
identical. 

Discussion 

It now remains for us to review the various categories of intracellular 
structures described above in the light of previous investigations upon the 
invertebrate nerve-cell, and to endeavour to correlate the particular structures 
seen within the living neurone with the appearances produced in these cells 
by application of the technical procedures of fixation, staining, and metallic 
impregnation. Four distinct and apparently unrelated definitive cellular 
components have been described by other authors as occurring in these cells: 

1 . The Golgi apparatus. 

2. Mitochondria. 

3. Metaplasmic granules (lipochrome of Legendre, neuro-secretion gra- 
nules of Scharrer, &c.). 

4. Nissl substance or tigroid bodies. 

The Golgi Apparatus 

A number of workers such as Legendre (1909), Kolatchev (1916), Brambell 
(1923), Brambell and Gatenby (1923), and Boyle (1937) have described the 
Golgi body or dictyosome of the molluscan nerve-cell as consisting of a some- 
what curved osmiophil batonnette associated with a more or less chromophobe 
‘archoplasm’. Bodies answering to this description can be readily seen follow- 
ing the Mann-Kopsch technique. In order to prove whether or not these 
appearances were due to partly impregnated spheroids or perhaps spheroids 
distorted during fixation, Mann-Kopsch preparations were bleached and 
recoloured with sudan black. The results of this experiment are illustrated in 
Plate 1. A photograph (upper figure) was first taken of the dictyosomes, 
and another after bleaching and restaining the preparation (lower figure). 
By comparing the two appearances of the same cells it can only be con- 
cluded that the spheroids (which can be seen in the living cell) are entirely 
different bodies from the batonnettes and do not in any way contribute to 
their production in the fixed cell. 

Recently Worley and Worley (1943/4) and Worley (1946) in a series of 
interesting papers have given very strong support to the view of Hirsch (1939) 
and others that the true Golgi apparatus consists of a complex composed 
of chromophil and chromophobe portions. They base this differentiation on 
the reaction of the apparatus during the life of the cell to a dilute solution of 
methylene blue. Worley (1946) stressed, however, that the methylene-blue- 
staining bodies must also blacken with prolonged osmication before con- 
clusive proof of their being part of the total Golgi complement of the cell 
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The same preparation following bleaching with the Yerrati bleacher and recoloured with 
the Baker sudan black technique for the Golgi apparatus. The identical cells are rephoto- 
graphed. The dictyosomes and archoplasm are lost or the dictvosomcs arc reduced to fine 
mitochondria-like threads or coccoid chains. A spheroid complex showing differentiation 
into chromophil part and chromophobe centre is shown. It should be noticed that this 
complex remains invisible in the Mann-Kopsch method. 


THOMAS.— PLATE I 
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is obtained. Baker (1944) gives good reasons for believing that the methods 
used to produce the classical Golgi network cannot be relied upon to give 
an accurate picture of the structure of the Golgi element during life. Using 
sudan black B, a colouring agent with an intense affinity for lipoids, he has 
developed a new technique for showing the Golgi element which has given 
valuable results on a number of diverse cells, including the cells of the 
anterior mesenteric ganglion of the rabbit. In these vertebrate nerve-cells 
Baker describes the Golgi apparatus as consisting of a number of separate 
vacuoles each surrounded by ‘an intensely sudanophil skin which is not uni- 
formly thick all over’. In optical section this skin appears as a ring or crescent 
enclosing a colourless centre or vacuole. These compound bodies closely 
agree with the chromophil and chromophobe complexes of Worley and 
Ilirsch. 

Young (1932) in cephalopod material observed numerous neutral-red- 
staining spheres, with attached methylene-blue-staining granules scattered 
throughout the cytoplasm of the nerve-cells. He believed that similar 
methylene-blue-staining and osmiophil granules in close proximity to the 
dispersed spheres probably represented the Golgi apparatus. He could find 
no evidence of either a Golgi batonnette or a classical network within his 
material. 

Coveil and Scott (1928) and Murray and Stout (1947) working on the 
vertebrate nerve-cell found a close correlation between the neutial-red- 
staining and osmiophil granules and identified these bodies as a dispersed 
Golgi apparatus. 

Ever since the pioneering work of Parat (1928) we have been entering a 
new period of cytological inquiry wherein the old criteria for the identification 
of the Golgi apparatus based on the use of silver and osmium impregnation 
techniques without adequate control by vital studies must be seriously 
questioned. 

The earlier work on the molluscan ‘Nebenkern’ and the questionable 
identification of its contained rod-shaped and easily visible lepidosomes as 
the Golgi body of the spermatocyte has undoubtedly had its effect upon all 
subsequent work on invertebrate nerve-cell cytology. Workers have only 
used those variations of metallic impregnation techniques that successfully 
produce in the cell a lepidosome-like structure. Slides which show an im- 
pregnated curved rod or batonnette have been hailed as ‘good’ preparations 
of the Golgi apparatus, and slides not showing this appearance have been 
arbitrarily rejected as failures. From my own observations I have come to 
reject the hypothesis that the batonnette and its attached ‘archoplasm’ repre- 
sents any part of the Golgi body of Helix neurones. 

On the contrary, the invertebrate nerve-cell has been shown to contain 
during life a number of discrete spheroid bodies possessing an outer skin 
of a sudanophil, osmiophil, and methylene-blue-staining lipoid containing a 
relatively chromophobe but neutral-red-staining core. A yellowish, fat-solvent- 
soluble and relatively less osmiophilic material gradually accumulates within 
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the centre of the spheroids to produce a mulberry-shaped mass, which may, 
however, retain some trace of the external skin attached to it. I identify the 
spheroid bodies as the true Golgi complement of Helix neurones, and the 
yellowish material as Golgi product. 

The Mitochondria 

Few workers would object to the classification of the structures stainable 
during the life Of the cell by very dilute Janus green B as the mitochondria. 
These slender filaments or coccoid chains are the only morphological counter- 
parts, visible in the living cell, of the batonnettes of earlier workers. The 
resemblance becomes strikingly apparent if the batonnettes are only partly 
bleached by the Verrati bleacher, whereby they are greatly reduced in thick- 
ness, and usually appear as a moniliform chain of coccoid particles (Text- 
fig. 7). Kolatchev himself (1916) observed that the mitochondria of Helix 
were linked to the batonnettes through a complete chain of intermediate 
forms, and he advanced the hypothesis that the batonnettes were derived 
from the mitochondria. Under the conditions of the Mann-Kopsch technique 
the slender filaihents and coccoid chains are thickened by the deposition of 
successive layers of reduced osmium, which produces within the cell an 
apparently de novo structure, the batonnette. In most Mann-Kopsch prepa- 
rations, besides the fully formed batonnettes, numbers of darkly impregnated 
smaller granules of various shapes and sizes occur. It is difficult to say exactly 
what these granules are, but possibly some of them are impregnated individual 
coccoid mitochondria. 

The cytoplasm also contains numerous irregularly shaped flocculated 
masses, slightly impregnated by osmium and appearing light brown in colour. 
These masses can be seen after a wide variety of fixations and stains, and their 
occurrence in the Mann-Kopsch material and their frequent association with 
the batonnettes is not surprising. These flocculated masses when associated 
with the batonnettes are described as ‘archoplasm’ by some workers, but it 
is not at all uncommon to see many such masses, unaccompanied, in between 
the batonnettes and not attached to them. 

Boyle (1937), on the basis of their reaction to the dye nile blue, concluded 
that the spheroids were ‘metamorphosing mitochondria’ in the process of 
swelling up to form lipoidal globules. 

Mr. A. J. Cain (1947) of this Department, who has recently published a 
critical survey of the histochemical uses of nile blue, informs me that when 
this dye is used at the concentration employed by Boyle (1:10,000 in 0*75 
per cent. NaCl) a blue reaction given by cellular granules cannot be inter- 
preted as indicating the presence of lipoids. Under these conditions the dye 
will react simply as a basic dye and in my own experience it will give results 
very similar to methylene blue, staining the chromophil portion of the Golgi 
system only. 

Blue staining with nile blue is completely unspecific (Lison, 1936): it can 
only be used as a basis for histochemical inferences if the body concerned is 
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already known (through the use of Sudan black or other colourants) to be 
lipoidal, in which case a blue colour does indicate the presence of lipines or 
fatty acids or both. 

The Metaplasmic Granules 

Legendre (1909) was one of the first investigators to describe the presence 
of granules of lipochrome within the nerve-cells. of Helix. Gatenby (1923) 
and Gatenby and Hill (1934) confirmed this finding of Legendre but differed 
from Parat, claiming that they are stainable with neutral red but not with 
osmium tetroxide. 

The term lipochrome is certainly a very ill-defined one from a histo- 
chemical standpoint. Gatenby thought that the granules might possibly be 
composed of lecithin. 

I identify the lipochrome granules of Legendre and the lecithin granules 
of Gatenby with the mulberry forms of the spheroids (Text-figs. 1, 2, and 5). 
These forms are linked by a perfect series down to the smallest spheroid 
complexes, and studies with vital methylene blue indicate clearly that even 
the largest of these yellowish granules have attached to them a few granules 
of the chromophil portion of the Golgi apparatus. It seems clear that this 
yellowish material is formed within the chromophobe portion of the spheroids 
and finally, as the amount increases, it distorts the spheroid into an irregular 
mulberry mass. This transformation is probably associated with the rupturing 
or thinning of the outer chromophil envelope, which then becomes a dis- 
continuous investment only retaining contact with the mass at a few parts 
of its circumference. 

- The methylene-blue-staining granules attached to the spheroids in Helix 
aspersa seem to correspond to those described by Young (1932) in cephalopod 
material. Young, however, observed aggregations of similar granules which 
he considered to be the Golgi apparatus completely free, grouped about the 
spheroids and unattached to them. I have not met with this appearance 
within living and vitally stained cells of Helix aspersa , but when ganglia are 
fixed and then stained either with iron haematoxylin, Azan, or Masson’s 
technique groups of bright-staining granules, usually fuchsinophil, but some- 
times staining with either the light green or the aniline blue, do occur grouped 
around characteristic clear spaces which are left in the cytoplasm as the 
ghosts of the spheroids when their lipoidal content has been dissolved in 
alcohols or xylene, previous to embedding. These bright-staining granules 
may be produced by fixation and staining of an external or ‘extrasomal’ 
Golgi product as has been described in Mytilus by Worley (1944). 

Occasionally, too, masses of a clear pale-staining colloid are seen within 
fixed nerve-cells of Helix . Morphologically these fuchsinophil or iron- 
haematoxylin-staining granules and colloid masses are identical with those 
shown by Scharrer and Scharrer (1940) to occur within the nerve-cells of a 
number of invertebrates as well as vertebrates and interpreted by their school 
of workers as a secretory antecedent or precursor of a neurohormone. 
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The methylene-blue granules of the spheroid complexes appear to merge 
into the rims or crescents about the spheroids as staining progresses and it 
is possible that they represent a zone of maximal dye-concentrating power 
within the chfomophil substances; for they are always the first to appear 
during progressive staining of the chromophil substance and the last to bleach 
when reduction of the dye to its leucobase commences. 

The outer sheath or skin of the spheroid complexes when completely 
stained with methylene blue usually shows a striking similarity to the appear- 
ances produced by sudan black and osmium tetroxide vapour preparations, 
so much so that all doubt as to the rims, crescents, or caps exhibited by 
these methods being one and the same structure ceases to exist. 

The central portions of the spheroids stain vitally with neutral red, irre- 
spective of the presence of this endosomal product, and by definition comprise 
the vacuome of Parat. This author failed to recognize that this neutral- 
red-staining material is itself contained within a lipoidal capsule. From the 
researches of Duthie (1933), Hirsch (1939), and Worley (1946) it seems 
almost certain that the chromophobe spheroid is the main site for the col- 
lection of Golgi product (the endosomal product of Worley). In Helix the 
substance of the spheroids will occasionally stain a pink colour with nile blue 
at 1 : 10,000 in saline, and in addition it is possible to blacken it throughout 
its substance with osmium tetroxide according to the technique described 
on p. 455 of this paper. However, although the Golgi product itself seems 
on this evidence to be possibly lipoidal, it is certain that a limiting membrane 
consisting of lipines, and stainable with acid fuchsine after dichromate 
mordanting, can be very clearly shown to exist as a separate morphological 
component. This limiting membrane can only be identified with the chromo- 
phil zone of Worley, the Golgi externum of Hirsch, and the sudanophil dense 
lipoid-containing substance of Baker. 

The Nissl Substance 

No aggregations of material resembling the classical Nissl clumps of the 
fixed cell can be seen within living cells either by ordinary or phase-contrast 
microscopy. 

In fixed mollusc tissue the Nissl substance has been studied by various 
workers. Garaieff (1909), Kunze (1921), Brambell and Gatenby (1923), 
.Hanstrom (1928), and Boyle (1937) found the substance to consist of discrete 
granules distributed evenly throughout the cytoplasm. Erhard (19 12 ) anc ^ 
Young (1932) with cephalopod material describe a homogeneous mass lying 
in the outer part of the cell. 

My own findings indicate that this substance is most probably formed by 
coagulation of small discrete granules perhaps identical with the micro- 
neiirosomes previously described in Helix (Thomas, 1947 )* Individual 
microneurosome9 can be stained with both neutral red and Janus green, but 
they cannot be lien within the living cell ^unless the cell is slightly crushed 
by pressure of the coverglass. Apparently they are held tvithin an optically 
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similar gel during life, but with pressure the physical nature of the medium 
in which they are embedded changes to a fluid consistency in which the 
individual particles can move about freely. A concomitant slight alteration 
in the refractive index of the surrounding fluid enables the granules with 
their intense Brownian movement to be observed. 

Actively moving microneurosomes can be coagulated on the slide by 
running fixing fluids under the coverglass, and the resulting globule of 
cytoplasm can be shown to stain strongly with the basic dyes usually em- 
ployed to stain the Nissl substance. 

The hypothesis that the microneurosomes are the physical basis for the 
Nissl substance would account for the observed fact that typical ‘grumes’ 
of the tigroid body cannot be seen within the living cell, and it would further 
account for the various forms this material may take in the same cell following 
different fixatives. 

In conclusion I wish to thank Dr. J. R. Baker for his helpful advice and 
criticism throughout this study, and for taking the photomicrographs of 
Plate 1; also to Professor A. C. Hardy, F.R.S., for his kindness in providing 
me with such excellent accommodation within his department. 

Summary 

1. Direct observation of the living nerve-cells of Helix aspersa reveals the 
presence of two categories of cellular organoids: 

{a) Spheroid complexes consisting of a central core of chromophobe 
material covered wholly or in part by a chromophil lipine substance. 

(b) Filaments and coccoid chains, and dispersed coccoid particles. 

2. Evidence is put forward identifying the spheroid complexes as a dis- 
persed type of Golgi apparatus and the filaments and coccoids as the mito- 
chondria. 

3. The chromophobe core of the spheroids is identified as the vacuome 
of Parat and is the site for the formation of an endosomal Golgi product 
(the lipochrome granules of earlier workers). 

4. The so-called Golgi dictyosome and archoplasm cannot be observed in 
living cells and are probably an artifact of technique produced by an over- 
impregnation of the mitochondria with silver or osmium. 

The drawings have been made with the assistance of a camera lucida. The 
photomicrographs were taken by Dr. J. R. Baker with a technique described by 
him in a special article on photomicrography in the Journal of the Royal Micro- 
scopical Society , vol. 62, p. m. He used a Reichert 2 mm. fluorite immersion 
lens and Watson 14 Holos eyepiece. 
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Further Remarks on the Histochemical Recognition 

of Lipine 

BY 

JOHN R. BAKER 

‘ ( From the Department of Zoology and Comparative Anatomy , Oxford ) 

With one Text-figure 

I N an earlier paper (Baker, 1946), a technique was described for the histo- 
chemical recognition of lipine. This technique was called the acid-haematein 
test. It was shown that lipines, after appropriate fixation and subsequent 
mordanting with potassium dichromate, display a special affinity for haema- 
tein, with which they react to .give a blue, blue-black, or grey colour. If 
certain precautions are taken, lipines can thus be distinguished from other 
substances occurring in the tissues of plants and animals. It was found, 
however, that the crude galactolipine used in the investigation reacted much 
less strongly than lecithin, cephalin, and sphingomyelin. It will be recollected 
that galactolipine differs from these other lipines in containing no phos- 
phoric acid radicle. The suggestion was made that if the galactolipine used in 
the test had been completely free from contamination with sphingomyelin, it 
might have proved negative to the test. If so, the acid-haematein test would 
be a test not for lipines in general, but for lipines other than galactolipines ; 
that is to say, it would be a test for phospholipines. It is the purpose of the 
present paper to report the reaction of purified galactolipine. 

In the earlier work, the lipines were all prepared by Weil’s (1930) method. 
In the present investigation, crude galactolipine was prepared from the brains 
of sheep in the same way, but it was then purified according to the method of 
Rosenheim (1913). It was deposited on cigarette-paper, as before, and sub-* 
jected to the acid-haematein test. The result was negative, for the colour 
given was not blue, blue-black, or grey, but yellow, tinged with greenish- 
brown. Other lipines, subjected simultaneously to the test as controls, gave 
positive reactions. The colour given by the galactolipine developed to a con- 
siderable extent in the hot potassium dichromate solution, before treatment 
with the dye began. 

It was thought desirable to study the reactions of small globules of the 
various lipines to the acid-haematein test. To achieve this, each lipine was 
mixSd with a thick sol of celloidin in 1 :i alcohol-ether, in the proportion of 
about 1 gm. of lipine to 10 c.cm. of celloidin sol. The lipine was suspended 
(or partly dissolved, in the case of lecithin) by stirring with a glass rod, and 
the cellodin was then caused to set into a gel by exposure to the vapour of 
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i chloroform. A small piece of the gel was cut out and subjected to the acid- 

haematein test. The same technique was used as though the celloidiri had f 
\ been a piece of tissue, except that a sliding microtome was used and thicker 

sections were cut. Microscopical examination revealed that in each case the 
lipine wks in the form of small globules. 

The results of these tests are illustrated by Text-fig. 1. The exposure and 
development of the negative and positive were carried out in exactly the same 
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t way in each case, so as to make the photographs comparable. The egg- 
lecithin globules were blue throughout, though sometimes unevenly dark at 
different distances from their surfaces. Cephalin (from the brains of sheep) 
gave a different appearance. The centre of each globule was yellow, while the 
whole of the outer part, or often a layer a little below the surface, was stained 
blue-black (though some of the globules were yellow all through). A number 
of the globules were cracked across; when this was so, the cracked surface 
had an affinity for the dye. Sphingomyelin (crude, from the brains of sheep) 
gave a different appearance again. The small globules were stained blue or 
blue-biick, while larger ones were yellow in their centres and only had a blue- 
black rim. The globules of purified galactolipine, which were more uniform 
in size than those of the other lipines, gave scarcely any trace of a positive 
reaction. They appeared yellow, sometimes with an extremely faint tinge of 
blue. When viewed in optical section, their periphery appeared as a very thin 
dark line, but this coloration could not be recognized when the upper or 
lower surface of a f globule was focused. '* " 

To find the cause of the yellow colour seen in the globules, all four lipines 
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were subjected to a test differing from the standard one in the omission of 
any treatment with haematein: the sections were treated with 2 per cent, 
acetic acid instead of the dye solution. In each case the globules now appeared 
yellow* The darkening of the globules to a yellow colour seems to have 
occurred mainly during the treatment of the celloidin blocks with hot potas- 
sium dichromate. 

The results recorded in this paper show that the acid-haematein test, con- 
trolled by the pyridine-extraction test, is a method for the histochemical 
recognition of phospholipine. 

Note. The borax-ferricyanide solution used in the acid-haematein test need 
not be kept in the refrigerator, as was stated in the earlier paper. It suffices to 
keep the bottle in the dark when not in use. 

I thank Prof. A. C. Hardy, F.R.S., for the provision of all the facilities 
required for the work described in this paper, and Mr. A. J. Cain for the 
benefit of many helpful discussions. 

Summary 

1. Carefully purified galactolipine has scarcely any tendency to react 
positively to the acid-haematein test. 

2. It follows that the acidrhaematein test (controlled by the pyridine- 
extraction test) is a method for the histochemical recognition not of lipine in 
general, but of phospholipine. 
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Introduction 

T HE only histochemical test for lipines that was regarded as specific by 
Lison (1935, 1936) is that of Smith-Dietrich. Baker (1946) has criti- 
cized it on the grounds that it is inadequately specified, not very sensitive, 
and gives a negative reaction with pure lecithin. He proposes his acid 
haematein test, based on the Smith-Dietrich test but with a pyridine extrac- 
tion control, as being free from these defects. He has since shown (1947) that 
the test is for phospholipines only. 

It is important to try to assess the value of this test. So many histo- 
chemicaP tests have been shown to be unspecific, and the results obtained by 
them thereby invalidated, that caution is necessary in admitting the specificity 
of a new one. It would be better to have no tests rather than unreliable ones. 

This paper presents the results of an examination of Baker’s test, and gives 
reasons for believing that, provided only a definitely positive result is con- 
sidered, it is specific, though there are certain possible sources of invalidity, 
as Baker has pointed out. 

Materials and Methods 

Transverse sections of the rhynchobdellid leech Glossiphonia complctncttcL (L.) 
were found to give a good variety of tissues, with plenty of lipine m the 
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fat-cells. Liver, kidney, testis (for interstitial cells) and small intestine of the 
mouse, and adrenals of the rat were also used. In addition, tests were made 
on paper impregnated with various pure substances and mixtures. Some of 
these were repeats of Baker’s (1946) tests; all were carried out in accordance 
with the instructions given by him, except that in some cases the paper was 
soaked in the melted substance or mixture, and was therefore very thickly 
coated. 

The method employed was to determine what results were given by the 
acid haematein and pyridine extraction tests when performed in exact 
accordance with Baker’s instructions, and then study the effect of varying the 
chemical and physical components of the tests. For controls, sections and 
papers were coloured with Sudan black. 

Diphenyl-carbazide was used for detecting chromium. 

Results and Discussion 

Standard Results obtained with the Add Haematein and Pyridine Extraction 
Tests 

For convenience, these tests will be referred to as the AH and PE tests 
respectively. A blue, blue-black, or black coloration given by AH but not by 
PE indicates phospholipine. 

The first point that is noticed on examining an AH section of Glossiphonia 
is that the nuclei, except for the plasmosomes, are nearly colourless. The 
mitochondria of the nephridial cells, the Golgi apparatus of the stomach 
epithelial cells, and usually the whole of the cytoplasm of the intestinal cells 
are blue, as are the cytoplasm of the fat-cells, and granules in the muscle- 
cells and in certain corpuscles in the coelomic spaces. The epidermis (except 
for the mucous cells) and the dermis are blue-black or black. Some of the 
dorsoventral and oblique muscle-fibre cortices may be blue also, but those of 
the longitudinal fibres vary from colourless through yellow to brown. The 
interfibrillar spaces in the longitudinal muscles are not usually coloured. The 
nerve-cords are pale blue, with dark blue in the nerve-cells. The cytoplasm . 
of the salivary gland cells is very dark blue; the pigment cells remain pale 
brown, as in unstained sections. The cuticle is pale yellow. 

Contrasts are seen immediately on examining a PE section. The nuclei are 
now full of small granules coloured a dark blue-grey. All the blue colorations 
mentioned above have disappeared completely or have been replaced by a 
faint blue-grey, except that the epidermis and dermis remain blue-black or 
black as before. Many of the interfibrillar spaces, particularly near the 
dermis, are now black or very dark brown. The cortices of the dorsoventral 
fibres are yellow or dark brown, those of the longitudinal ones, £een in cross- 
section, may be yellow, brown, black, brown with blue shadings, or deep blue. 
In one section they may all be yellow; in another, in each bundle there may 
be some yellow and some dark blue or dark brown. It is possible that the 
colour may vary with the degree of contraction. The pigment cells are now 
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full of dark blue granules smaller than those seen in AH and unstained 
formal-calcium preparations. The nerve-cords still contain some blue. The 
general tone of the cytoplasm is pale yellow, usually slightly darker than in 

AH preparations; the cuticle remains pale yellow. 

It is evident, then, that in transverse sections of Glossiphonia we have 
examples of all the four classes of substances distinguished by Baker, thus : 

(A) AH positive, PE positive. Epidermal cells, plasmosomes. 

(B) AH negative, PE positive. Chromatin, pigment granules, interfibrillar 
matrix. 

(C) AH positive, PE negative. Phospholipines. Cytoplasm of fat-cells, 
salivary gland cells, and intestinal cells, mitochondria of nephridial cells, 
Golgi apparatus of stomach epithelial cells. 

(D) AH negative, PE negative. Fat droplets, cuticle, cytoplasm of 
nephridial and other cells; and cortex of muscle cells frequently. 

The Stages of the Tests 

The two tests may be summarized as follows : 

AH. (i) Fix in formal-calcium, a non-precipitant fixative specially designed 
to prevent the loss of lipines (Baker, 1944). 

(ii) Soak in potassium dichromate-calcium chloride solution at room 
temperature and then at 6o° C., to make the phospholipines 
insoluble and mordant them. Wash well in water. 

(iii) Cut frozen sections at 10 ju,. (Embed in gelatine if necessary.) 

(iv) Mordant again in the same fluid at 6 o° C. for an hour only, as the 
chromium compound left in the tissues to act as mordant may be 
washed out of small particles of lipine (Baker, 194^)* 

(v) Stain in acid haematein for 5 hours at 37 C. 

(vi) Differentiate in borax-ferricyanide for 18 hours at 37 0 C. 

(vii) Mount in Farrants’s medium. 

PE. (i) Fix in weak Bouin to render the phospholipines easily extractable 
by solvents and increase the power of proteins to give a positive 
reaction (Baker, 1946). 

(ii) Wash in alcohol to remove picric acid. 

(iii) Soak in pyridine, first at room temperature then at 6o° C., to 
remove phospholipines (and all other lipoids). 

(iv) Wash in water, then go to stage (ii) of the AH test and proceed 
as for it. 

On consideration of these summaries the following questions arise: 

(a) A calcium-haematein lake is easily produced by adding calcium 
chloride solution to some acid haematein, alkalinizing, and filtering off and 
washing the precipitate. A purplish-blue solid is obtained, which turns rusty 
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red on prolonged exposure to the air. It is insoluble in borax-ferricyanide but 
dissolves readily in acid haematein. Do the calcium ions in the fixing and 
chroming solutions assist in mordanting ? 

(b) What evidence is there that a chromium compound is left in the tissues ? 

(c) What is the degree of completeness of extraction by the PE method ? 

(i d ) Why do some substances stain after PE but not after AH ? Obviously 
something more than a mere extraction has been performed. 

(e) Does the specificity of the test depend on the period of chroming or on 
a reaction peculiar to phospholipines ? 

To which we may add after considering the results described above: 

(/) How are both blue and brown colorations produced in the finished 
preparations ? 


Investigation of the Tests « * 

(a) Role of the Calcium Ions in Fixation and Mordanting. Variations of the 
AH test as shown below were tried out to determine the effect of the omission 
of dichromate and calcium at different stages. All were done on Glossi- 
phonia sections. 


Variation 

1. Fix in 4 per cent, formaldehyde, and 

omit chroming and differentiation. 

2. Same as (i) but with differentiation. 

3. Fix in formal-calcium, omit dichro- 

mate from the chroming solution, 
omit differentiation. 

4. As (3) but with differentiation. 

5. Standard AH but with calcium 

chloride omitted from the chroming 
solution. 


Result 

Whole section dark reddish-brown. No 
blue. 

General pale yellow-brown. No blue. 

General brown. Phospholipine in fat- 
cells slightly darker brown. No 
definite blue. 

Pale brownish-yellow throughout. No 
blue. 

As standard AH results above, but blue 
reduced greatly. Positive results only 
in bases of intestinal cells and cyto- 
plasm of a few fat-cells. 


The last variation was tried on other tissues also. With rat adrenal, con- 
siderably less blue was seen than in standard preparations. With mouse small 
intestine there appeared to be no reduction in blue-staining, and with mouse 
liver it was Uight. 

■ The conclusions from these results are that : 

(i) dichromate is necessary for blue and almost all brown staining in the 
finished preparation, 

(ii) it is necessary for the production of fast browns, and 

(iii) calcium ions are necessary with dichromate for the maximum blue 
staining in sortie tissues. 
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Also, the behaviour of various lipoids in thick deposits on paper was 
investigated in the same way. The following results are representative: 


Mixture 

Procedure 

Colour 
at start 

Colour after staining 
but before 
differentiation 

Colour after 
differentiation 

Pinene 

saturated 

with 

cholesterol 
at 6o° C. 

Standard AH. 

White. 


General brown. Edges 
of some crystals 
medium to dark blue. 
Scattered dark blue 
granules. 


AH but omit calcium 
chloride from 
chroming solution. 

White. 

Very pale brown. A 
few small blue 
granules. 

Pale greenish-brown, 
no blue. 


AH but omit dichro- 
mate. 

White. 

White. 

White. 


AH but omit calcium 
chloride through- 

White. 

Very pale brown. A 
few small blue 

General pale greenish- 
brown. A few dark 


out. 


granules. 

brown granules. A 
faint lilac tinge on 
some crystals. 


AH but omit dichro- 
mate, and calcium 
chloride from fixa- 
tive. 

White. 

White. 

j 

White. 


Exactly comparable results were obtained with an equimolecular mixture 
of cholesterol and oleic acid (BDH redistilled) and with oleic acid freed from 
all traces of phosphorus. In all cases, after the omission of dichromate no 
coloration (or only the faintest trace) was seen at any stage, but omission of 
calcium chloride had no effect. With these mixtures there is no loss of lipoid 
if calcium is omitted, as there is with phospholipine; so we may conclude 
that the calcium ions play no part in mordanting here, and it is very improb- 
able that they do with phospholipines. 

Examination of formaldehyde-fixed Glossiphonia sections with sudan black 
shows that a considerable amount of lipoid, including some phospholipine, 
is preserved without treatment with dichromate. Fixation is, of course, rather 
poor. It is not possible to say from examination of sections that less phos- 
pholipine is preserved after 4 P er cen t. formaldehyde than after formal- 
calcium, but it is seen from variation (5) on Glossiphonia and rat adrenals above 
that omission of calcium chloride from the chroming fluid does allow phospho- 
lipine to escape from some tissue, though not completely. It appears that the 
short fixation (6 hours) in formal-calcium is enough to fix proteins but not 
enough to affect the solubility of phospholipines if they are exposed to fluids 
at 6o° C. Baker (1944) found in his studies of lipine solubilities that formal- 
dehyde does make lipines less soluble in various solvents after 24 hours’ fixa- 
tion. One suspects that some lipine is lost even at room temperature if 
plain formaldehyde is used. If two pieces of lecithin paper prepared by 
Baker’s method (1946) are fixed for 6 and 29 hours respectively in 4 per cent. 
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formaldehyde, left overnight in water at room temperature. and coloured with 

Sudan blank, it is seen that muchmore lecilhm m™r™ ' “ i^TS^Tedta 
longer fixation. Little or none remain, on paper fixed tor 6 hour, and talked in 

plain dichromate solution at 6o° for 24 or for 8 hours. 

We may conclude that : 

(i) under the conditions of the AH test neither formaldehyde nor calcium 
chloride, separately or in combination, will fix phosphohpmes, and v 

(ii) the calcium ions merely restrain the phospholipines from passing into 
solution. (It was for this purpose they were added to the fixing and 
chroming solutions by Baker.) 

(b) Evidence for a Chromium Compound in the Tissues. It is seen from 
variations fii^and (iii) in suction <«) above that a dark brown coloranon can be 
produced in the tissues by acid haematein withotn the aid of d,chton»te 
it is reduced to a pale yellow-brown by differentiation no blue isseen. 
Potassium^dichromate is essential for the formation of the fast blue and brown 
“bu Vchromium lake is not producible by the method described 
above (part ii) for the calcium lake. Does the dichromate act as a mordant 
or are the fast colours produced by the dye and oxidation products in the 

'^Sections of Glossiphonia were prepared (a) as for AH and (6) with formal- 
calcium fixation but no chroming. Diphenyl-carbaz.de in 90 per cent 
alrohol was used for the detection of chromium as anion. Ihis substance 
„ives colours varying from red to violet with several metallic cations an 
chromates arsenates, molybdates, phosphates, and similar anions. (For ; a 
« '"nd references, see BDH ReagM. for Delira,, Anafym , 

Sbot Tests 7th ed. 1039, BDH, London.) The unchromed sections were used 

afrontrols Each section was washed in distilled water, laid on a slide, covered 
wTonJ drop of a Curated solution of diphenyl-carbazide in 90 per cent 
ihd »d examined ,t once. (The regent, if left expend to the 

g ”SL 8 .“ oorurok 'rmr'the chromed sections gave sny odour wid, the 
recent applied alone. On acidifying with acetic acid the controls still gave 
3 LT but a fine red was seen at once in the chromed sections. The 
coloured Substance, unfortunately, is alcohol-soluble, and diffuses out rapidy, 
but on examining the section immediately after applying the reagen 1 
seen that the colour was most intense just where the deepest staining was 
TaH sections, that is, in the epidermis, intestine, fat-cells, and nerve-cord. 

It amiears then that a chromium compound, unstable, in very acid solution, 
is to be P found " L tissues, most plentifully where the staining is dense*. 
The acid of the dye may have a slight differentiating effect on the mordan , 

^^confirmation, a paper test on lecithin and caseinogen, both of which 
_ive deep blue with AH, was carried out, unimpregnated paper being used 
S tie “ntrol All the papers were put through the AH test without section- 
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in g, the acid haematein being replaced by 2 per cent, acetic acid. After 24 
hours* washing, both the lecithin and caseinogen papers gave strongly positive 
results and the controls were colourless. Washing for 2 more days reduced 
the colour in both cases but did not abolish it. (These tests might perhaps be 
criticized on the grounds that as it took 24 hours* washing before the controls 
were free from chromium compounds some chromium may have been trapped 
inside the papers under the layers of lecithin or caseinogen; the reduced, 
reaction on further washing is not necessarily evidence that the chrome- 
lecithin or chrome-caseinogen compound is removed by washing.) 

Pieces of bath-sponge stain deep brown after both AH and PE. After AH 
with no mordanting they stain deep brown but lose almost all their colour 
during differentiation. Mordanted pieces give a strongly positive result with 
diphenyl-carbazide and glacial acetic acid, but slowly. Also, if lecithin paper, 
unchromed, is stained in acid haematein, most of the lecithin is lost and 
there appears to be no staining. If acid haematein made up with 1 per cent, 
calcium chloride instead of distilled water is used, there is still no staining 
and little if any lecithin is lost. 

Apparently a chromium compound is part of both blue- and brown- 
coloured substances. (The blue colour with dichromate and lipoids has, of 
course, been considered a chrome lake for very many years.) The above 
experiments do not rule out the possibility of the chromium combining with 
oxidation products of the lipoids rather than with the lipoids directly. Smith 
and Mair (1909) have shown that oleic acid will form an intermediate chrome 
compound in the course of oxidation to a dioxystearic acid. 

(c) Extraction by Pyridine. The test of this is very simple. A Glossiphonia 
section was produced as for the PE test but was coloured with sudan black 
instead of acid haematein, and compared with an AH section similarly treated. 
The result shows that the extraction is very good. An exceedingly faint 
coloration is visible in places where phospholipine was very plentiful (notably 
in the fat-cells), and the rest is uncoloured. The contrast with the sudan- 
coloured AH section is most striking. 

(d) Substances staining after PE but not after AH. From what has been said 
so far it is understandable that substances should be AH +ve and PE — ve, 
Ah +ve and PE +ve, or AH — ve and PE — ve, but it is a little difficult to 
see how the combination AH — ve and PE +ve can occur. The differences 
between the two tests are : 

(i) the use of acetic and picric acids in the PE fixative ; 

(ii) the omission of calcium chloride from the PE fixative ; and 

(iii) the use of the strong base pyridine in the PE test for extracting 
lipoids. 

This subject was not followed up in detail, but some points should be 
mentioned. 

In Glossiphonia sections prepared as for PE but with the actual extraction 
omitted, the pigment-cell granules are much smaller and darker than in AH 

2421.4 K k 
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sections, and nuclei, having been treated with a powerful protein precipitant, 
show dark granules of chromatin. It seems likely that in these cases the 
difference between AH and PE results is due to non-precipitaht and precipi- 
tant fixation respectively. Baker has noted (1944) that chromatin in thick 
layers is coloured by AH. The colour of the pigment cells is probably entirely 
intrinsic and not due to staining. 

The case of the interfibrillar matrix is more puzzling, but it should be 
noted that in exceptional instances it is coloured after AH. It is invariably 
coloured after PE but to a depth varying greatly in different individuals. In 
PE-fixed sections without extraction and chroming the pigment-cell granules 
are very dark (which confirms that their coloration is by concentration of their 
own pigment) but the rest of the section is a general yellow-brown, as in a 
PE section with only the extraction omitted. This seems to mean that the 
pyridine has some effect on the interfibrillar matrix, but the results vary in 
different individuals. 

(e) Specificity and the Period of Chroming . Smith and Mair (1909) have 
investigated the action of dichromate solutions on lipoids, and their results are 
of great interest here. They found that many unsaturated lipoids would give 
a blue colour with haematoxylin after chroming for various periods, and even 
saturated ones could do so if mixed with cholesterol, which by itself was 
negative. The necessary period of chroming for unsaturated lipoids was 
shortened by adding cholesterol to them, in a few cases to 24 hours. With 
lecithin they obtained a negative result, almost certainly because, as Baker has. 
suggested, there being no calcium ions present it went into solution. Kauf- 
mann and Lehmann (1926), on examining the Smith-Dietrich test, considered 
it specific if a black colour only were taken as positive ; blues, greys, and 
browns were given by various mixtures not containing lipines. Baker reduced 
the concentration of the stain considerably so that these weaker, non-specific 
results might be abolished. Two of Kaufmann and Lehmann’s mixtures 
containing cholesterol or cholesteryl oleate but no lipines gave positive 
results, and Lison (1936) concludes that unless cholesterol or cholesterides 
can be excluded there remains a slight doubt. Smith and Mair found that 
a cholesterol-oleic acid mixture gave a clear blue after 24 hours’ chroming at 
65° C. with saturated potassium dichromate solution. 

The following lipoids were therefore investigated, thick coatings on paper 
being used : 

Oleic acid (phosphorus-free). 

Cholesterol and oleic acid (BDH redistilled) in equimolecular proportions. 

Cholesterol dissolved to saturation in pinene at 6o° C, 

Cholesterol dissolved to saturation in tributyrin at 6o° C. 

Details of the cholesterol-pinene results are given in part iii above. Choles- 
terol by itself is uncoloured by AH, but is solid at the temperatures of the test. 
All the above gave a few granules of pale or medium, and sometimes dark 
blue. Occasionally edges of thick masses of crystals were tinged bluish or 
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lilac. In the case of the oleic acid, staining produced a definite purple or 
purplish-blue which was almost completely removed during differentiation. 

As was mentioned above, Kaufmann and Lehmann found that very many 
mixtures gave faint colours after the Smith-Dietrich test. Unfortunately, 
consideration of their results with nile blue (Cain, 1947) shows that some of 
their substances, including triolein or cholesterol in one case, were not pure. 
(It is worth noting here that their specimens of phrenosin and kerasin gave 
heavily positive results in mixtures containing no other lipine, and faint ones 
by themselves, with the Smith-Dietrich test. Baker has shown (1947) that a 
mixture of phrenosin and kerasin carefully freed from all traces of sphingo- 
myelin (the most difficult of the phospholipines to remove) is negative to 
AH.) Consequently, their detailed results must be accepted with reserve, 
though supported in general by Smith and Mair’s results and by those given 
above. At the same time, it must be remembered that they were the first to 
use extensive tests on pure substances and mixtures to assess the validity of 
histochemical methods for lipoids. 

The weak colorations obtained with AH in mixtures on paper were never 
seen throughout the coating, and this was very thick, probably of the order of 
100 or 200 /x, whereas the coloration of lecithin paper prepared according to 
Baker’s instructions is present wherever there is lecithin on the paper and is 
quite a dark blue, although the total thickness is only about 10 fi (Baker, 1946). 
Very occasionally, as in a cholesterol-tributyrin preparation, there is a small 
cloud of granules of a medium blue but again only locally in a mass of the 
mixture far larger than could be expected in tissues. After study of the results 
it is concluded that a definitely positive result (dark blue or blue-black) with 
AH but not with PE does indicate phospholipines, but that with weak results 
(pale blues and greys) there is no certainty, unless, of course, a chemical ana- 
lysis of extracts of the tissues shows that phospholipines are the only lipoids 
present. The intense coloration of mitochondria in many cells gives a good 
example of a positive result in very small bodies. 

Prolonged chroming has been shown by Smith and Mair to produce blue 
colours with haematoxylin in many lipoids. (However, on repetition of one of 
their results, it was noted that chroming of the cholesterol-oleic acid mixture 
for several days gave with AH an increase in brown coloration but not in 
blue.) The specificity is therefore dependent on the period of chroming, 
which must never be increased. With AH, decreasing the period caused an 
increased response in the mitochrondria of mouse liver but a decreased one in 
those of mouse small intestine and kidney, and appeared to have no effect on 
the pale blues of the cholesterol-oleic acid mixture. It is therefore not recom- 
mended, as it may weaken the results obtained with some tissues and make 
them uncertain. A preliminary extraction with acetone to remove interfering 
lipoids was tried and gave fairly good but definitely fainter results and con- 
siderably increased the length of the test. 

(/) The Blue and Broum Colorations. It was shown above (b) that a chromium 
compound is formed in the tissues in both blue- and brown-staining. If an 
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undifferentiated Glossiphonia section is examined, it is seen that what is' blue 
in the differentiated section is blue there also and in much the same depth of 
colour. Differentiation, even for 88 hours, makes little difference to a Glossi- 
phonia section as far as the blue stain is concerned. This is not true of the 
brown. In the undifferentiated section all that is not blue is dark brown 
except ground cytoplasm, which is nearly colourless or pale yellow. The effect 
of differentiation is to reduce the dark brown to pale yellow-brown or yellow. 
After 88 hours’ differentiation, plasmosomes in the nuclei of intestinal cells 
have changed from black to brown. If, however, the progress of the AH test 
is observed with pure oleic acid (see (« e ) above) it is seen that a blue or purple 
colour is produced which is removed by differentiation. Consequently, it is 
important to keep to the prescribed period of differentiation. Shortening is not 
permissible; lengthening seems to have little effect on phospholipines in 
general, but might remove the colour from very small objects or weaken it to 
the point of uncertainty. 

It will be noticed from Baker’s results of paper tests that all the very dark 
blue-staining substances except legumin contain phosphorus. It is quite 
probable that such substances as fibrinogen, blood-albumen, mucin, nucleo- 
protein, nucleic acid, and perhaps trypsin might be impure. A faint positive 
result might almost be expected with blood- serum (rabbit) and blood-plasma 
(fowl). However, sodium glycerophosphate gave a negative result. But this 
substance dissolves in both formal-calcium and dichromate-calcium, so it is 
likely that it was lost from the paper at an early stage and the negative result 
is not significant. A negative result with a paper test means nothing unless 
it is shown that the substance was still present at the end of the test or that it 
would have been lost from tissues. A small quantity of this salt was dissolved 
in dichromate-calcium and the solution incubated at 6o° C. for 18 hours as for 
chroming for AH. At the end of that time a crystalline precipitate had formed 
which was removed by filtration, when it was seen to be a very pale yellow, 
almost white. It was only slightly soluble in water, and a small portion 
tested with diphenyl-carbazide gave a faint red at once which was greatly 
increased on acidifying. (The first faint colour was almost certainly due to the 
retention of a little mother-liquor.) The rest was stained and differentiated 
as for the AH test. The resultant colour was black. This substance re- 
sembles the blue-stained substances in AH sections quite closely in its 
formation. One might suggest that rapid and intense blue staining is 
usually due to some combination between chromium and substituted 
phosphoric acids. 

But this will not explain the case of legumin, and would lead one to suppose 
that at least some nucleoproteins would stain heavily, which is not so. Baker 
notes that all three dark-blue staining proteins (caseinogen, mucin, and 
legumin) are very acidic. Stearic, palmitic, and ricinoleic acids all gave a 
negative or exceedingly faint positive result, so the mere presence of an acidic 
group is not sufficient. Smith and Mair’s work with oleic acid appears to 
show that chromium enters into combination at the double bond ; prolonged 
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chroming abolishes the capacity to stain, a dioxy-compound being formed 
which contains no chromium. 

The only safe conclusion appears to be that with the AH test, blue and brown 
colours are produced, both fast to 18 hours’ differentiation with borax- 
ferricyanide at 37 0 C. The dichromate acts as a mordant in the blue staining 
and some at least of the brown, though it is not proved that in some cases it 
may not cause oxidation first. Under the conditions of the AH test mordant- 
ing takes place most readily with certain acidic compounds, especially some 
containing phosphorus. (This suggests that interference might come from 
bound phosphorylated sugars and other compounds in tissues if they are 
removed only by the action of pyridine.) 

The production of different colours according to the substrate by the same 
dye and mordant under the same conditions has not, to my knowledge, been 
emphasized before, and seems worth investigation. 

My thanks are due to Dr. J. R. Baker, who has supervised this work and 
discussed many of his unpublished results with me. 

Summary 

1. Baker’s acid haematein test for phospholipines is specific provided that 
only a definite positively result is considered. Very pale blues and greys may 
be caused by other lipoids, which if present in very large masses may pos- 
sibly show medium to dark blue granules but will not be coloured all through. 

2. The mechanism of the test appears to be as follows : 

(a) Phospholipine is not fixed by formal-calcium but is restrained from 
passing into solution by the calcium ions, which play no other part. 

(b) Phospholipine combines readily with chromium from the mordanting 
fluid, and is then rendered insoluble and mordanted. Other substances, 
acidic and usually containing phosphorus, are mordanted as well. 

( c ) On staining, blue and brown colorations are formed ; in both cases the 
dye attaches itself to the chromium in the various substrates. 

(d) On differentiation, some browns and most blues, particularly those 
with phosphoric substrates, remain nearly fast, but most browns and 
the weak blues of certain lipoids (not phospholipines) are greatly reduced 
or removed entirely. The period of differentiation must not be 
shortened. 

(e) Blue-staining lipoids (phospholipines) are distinguished from other 
blue-staining substances by an extraction with the lipoid solvent 
pyridine, after special fixation. The other substances, and any bound 
lipoid not removable with pyridine, remain. 

3. Since the specificity of the test depends on the relatively greater affinity 
of phospholipines among lipoids for the mordant, the period of chroming 
must not be lengthened. 
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4. One reason why some substances are coloured after pyridine extraction 
but not after acid haematein is that in the former case they are precipitated 
and so concentrated ; in the latter they are not. This is not a general explana- 
tion for the whole class of such substances. 
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Introduction 

W ITHIN the uterine wall in mice large masses of a brown or yellowish- 
brown granular substance are often observed. This has been identified 
as haemosiderin — a pigment derived from the breakdown of haemoglobin. 
This substance contains iron and therefore gives the well-known ‘Prussian 
blue* reaction on treating with potassium ferrocyanide and hydrochloric acid. 

In the course of the comparative histological examination of uteri of mice 
of cancerous and non-cancerous strains, it soon became apparent that, although 
masses of haemosiderin occurred in the uterus of almost every mouse of the 
cancerous strain, such la,rge masses were not observed in the uteri from the 
non-cancerous strain. Further study, however, showed that the pigment is 
formed in both cancerous and non-cancerous strains from the blood which 
is extravasated into the tissues of the uterus at parturition, but in the cancerous 
strain it is formed somewhat more slowly and persists much longer than in 
the non-cancerous strains examined. The evidence for these differences, their 
nature, and their possible significance form the subject-matter of the present 
paper, 
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Material and Technique 
The strains of mice employed in this investigation included cancerous and 
non-cancerous strains. The cancerous strain — the R III albino strain of 
Dobrovolskaia-Zavadskaia — showed a very high incidence of mammary carci- 
noma, in females over 7 months old, at the time of investigation (1940). This 
strain was bred in this department as two sub-strains, both cancerous, the 
GB and CBB strains. Another albino strain, non-cancerous, the Wistar strain, 
has been inbred for over 4 years in this department without ever developing 
cancer. A recent non-cancerous strain, of piebald mice, the P strain, has been 
inbred for almost 5 years, again without showing any cancer development. 
The PC strain, also piebald, and the XL strain, self-fawn and self-brown, 
have both been entirely cancer free during the 3 years that they have 
been inbred in this department. All the uteri used for study have been fixed 
in either Bouin’s fluid or formol-saline solution (9 per cent.). In order to 
prevent muscular contraction of the uterine walls the whole female repro- 
ductive apparatus was dissected out and pinned, in a stretched position, on 
a layer of paraffin wax in a shallow dish into which the fixing fluid was then 
poured. After fixation, dehydration, and clearing, the right and left horns of 
the uteri were embedded separately. 

Microscopic sections were cut 5^ in thickness, and stained, for ordinary 
histological study, with Ehrlich’s haematoxylin and eosin. Alternate slides 
of the serial sections were treated with potassium ferrocyanide and hydro- 
chloric acid, after prolonged contact with nitric acid alcohol, and then counter- 
stained with eosin. The details of this method are given by Bolles Lee (1937) 
and are as follows : The sections, after removal of the wax, are placed in nitric 
acid alcohol (3 per cent, in 95 per cent, alcohol) for 36 hours at 35 0 C. They 
are then washed in 90 per cent, alcohol and in distilled water. After washing, 
they are placed, for not more than 5 minutes, in a freshly made solution com- 
posed of equal parts of 1*5 per cent, potassium ferrocyanide in water and 
0*5 per cent, hydrochloric acid, also in water. The sections are again washed 
carefully in distilled water, stained for 3 minutes in eosin (1 per cent, in 
30 per cent, alcohol), differentiated in 90 per cent, alcohol, cleared in cedar- 
wood oil, and mounted in benzene balsam. By this method haemosiderin is 
stained a bright Prussian blue. 

Data 

Description of Haemosiderin and its Location in the Uterus 

In transverse sections of some uteri a large mass of brown or yellowish- 
brown material is seen situated dorsally in the thickness of the wall just below 
the mesentery (Text-fig. 1). Serial sections reveal that these dorsal masses 
are present only at intervals. 

Occasionally there are also in the uterine wall smaller scattered clumps of 
the material situated at the inner and outer borders of the circular muscle 
layer. Such scattered material has been observed in only a few of the uteri 
examined and has not been included in the present study. Where it occurs 
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at all it is present all along the uterus, not at intervals as are the dorsal masses. 
It has never been seen in uteri which do not contain dorsal masses, and in only 
a very small proportion of those that do. 

Under the high power of the microscope the material is seen to be granular 
in consistency, the granules being arranged in small ovoid groups or clumps 
(PI. I, figs. 1 and 2) which tend to aggregate to form larger masses (PL I, fig. 2). 
These small ovoid groups appear to be cell-bodies crowded with the granules, 
since each contains a nucleus (PI. I, fig. 1). The granular material in form 
and natural colour agrees with the published descriptions of haemosiderin, 


Text-fig. 
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Diagram of a transverse section of mouse uterus a few months after parturi- 
tion, to show distribution of haemosiderin. 


and on staining with potassium ferrocyanide and hydrochloric acid it gives 
the typical Prussian blue reaction. 

Origin of the Pigment 

As haemosiderin is known to be the pigment commonly formed when there 
has been extravasation of blood into the tissues, it was thought that possibly 
the haemosiderin present in the uterine wall is derived from the blood extra- 
vasated at parturition. The large masses of haemosiderin are found only in 
the dorsal wall of the uterus, close to the mesentery — a location identical with 
that of the placentae (cf. PL II, figs. 3 and 4); the masses occur at intervals 
along the uteri, as do the placentae ; these masses were never found in virgin 
uteri, and when the breeding records were examined for the animals under 
investigation it was found that in every case where these masses of haemo- 
siderin occurred the animal had borne young. Finally, by examining a 


Plate I 

Fig. 1. T.S. of uterus of mouse (of cancerous strain) showing haemosiderin within phago- 
cytes. Ehrlich’s haematoxylin and eosin. Oil immersion. X 900. 

Fig. a. T.S. of uterus of mouse (of cancerous strain) showing massing together of pigment- 
carrying phagocytes. Fe and eosin. High power. X 600. 
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complete series of sections the number of masses of haemosiderin could be 
counted, and on referring to the breeding records it was found that, where 
only one litter had been produced, the number of masses of haemosiderin 
corresponded in every case with the number of young in the litter. It Was 
then found that these dorsal masses of pigment could be seen with the naked 
eye as dark spots situated close to the mesentery when the whole uterus was 
cleared in cedarwood oil (PI. II, fig. 5). (Uteri to be examined in this way 
should be fixed in formol-saline or formaldehyde as these clear much more 
perfectly than Bouin material.) The number of these dark spots in every case 
corresponded exactly to the number of young bom, when the mouse had had 
only one litter. Uteri taken immediately or very shortly after parturition also 
show similar dark spots when cleared. PI. II, fig. 7, shows a uterus, from the 
non-cancerous strain, taken 2 days after parturition, and PI. II, fig. 8, a 
cancerous strain uterus also 2 days after parturition. When sectioned, how- 
ever, these spots are found to contain very little haemosiderin, if any. Each 
is composed of a mass of extravasated blood and torn tissue which marks the 
former site of the placenta. These spots are very large, but by 25 days they 
are much smaller, as can be seen in PI. II, fig. 5, which shows a cancerous 
strain uterus taken 25 days after parturition. This decrease in size is caused 
by a healing of the torn tissues. Sections then show that it is chiefly a quantity 
of haemosiderin which marks the site of the placentae. Later, uteri from mice 
which had been pregnant more than once were examined, and it was often 
found that the sites of the placentae of successive pregnancies could be dis- 
tinguished from one another by the different size of the dark spots, since the 
placentae of one pregnancy did not overlap with those of another. The dorsal 
masses, when present, from two successive litters could always be distin- 
guished when only a few days had elapsed since the last pregnancy, as seen 
in PI. II, fig. 6. This is a photograph of the cleared uterus of a mouse of the 
cancerous strain, 3 days after parturition, which has had two litters with seven 
young in each. In the photograph, seven small dark spots and seven larger 
ones are to be seen situated close to the mesentery. Here the seven large spots 


Plate II 

Fig. 3. T.S. of uterus of mouse (of cancerous-strain) containing a large amount of haemo- 
siderin. Fe (K ferrocyanide-f HCL) and eosin. Low power. X74. 

Fig. 4. T.S. of uterus of mouse almost immediately after parturition, showing extravasated 
blood at site of placenta. Ehrlich’s haematoxylin and eosin. Low power. Xai. 

Fig. *>. Whole uterus of mouse (of cancerous strain) which has had only one litter. Cleared 
in cedarwood oil. X 3^. 

Fig. 6. Whole uterus of mouse (of cancerous strain), 3 days after parturition, which has 
had two litters. Cleared in cedarwood oil. X3^. 

Fig. 7. Whole uterus of mouse of a non-cancerous strain 2 days after its filst parturition. 
Cleared in cedarwood oil. x 3^. 

Fig. 8. Whole uterus of mouse of the cancerous strain 2 days after its first parturition. 
Cleared in cedarwood oil. x 3$% 

Fig. 9. Whole uterus of mouse of a non-cancerous strain 10 months 7 days after its first 
parturition. Cleared in cedarwood oil. x 3$. 

Fig. 10. Whole uterus of mouse of the cancerous strain over 10 months after its first 
parturition. Cleared in cedarwood oil. X 3$. 
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(which represent the placentae of the last pregnancy) are composed chiefly 
of blood and torn tissue, and the seven small spots (which represent the 
placentae of the previous pregnancy) consist of haemosiderin. 

It seems abundantly clear, therefore, that the dorsal masses of haemosiderin 
under consideration are formed, after parturition, in the regions of former 
attachment of the placentae — probably from the blood extravasated into the 
tissues when the placentae break away at parturition. 
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Months post-partum 

Text-fig. 2. Relative amounts of haemosiderin at various periods after parturition in the 
uteri of cancerous and non-cancerous mice. 

Incidence and Relative Amounts of Haemosiderin in Uteri of Mice from Cancerous 
and Non-cancerous Strains at Various Times after Parturition 
Since there was the ever- recurring suggestion that the cancerous strain 
shows more haemosiderin or shows it more frequently than the non-cancerous 
strain, a survey was made of the uteri of mice of different strains taken at 
various times after parturition, from 1 month to 10 months. The results of 
this survey are shown in Text-fig. 2. No attempt has been made to indicate 
the exact amounts of haemosiderin present — the estimates are very rough 
indeed. One unit represents the smallest amount of haemosiderin found in 
any one uterus, and therefore Text-fig. 2 gives relative amounts only. Where 
the haemosiderin is compact, the area of the largest section of the mass has 
been measured: where it is less compact, the area of the various parts have 
been measured. No attempt has been made to calculate the volume, so that 
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the figures given understate the difference in amount. In actually examining 
the material the differences are very striking indeed. 

From the data given in Text-fig. 2 it is evident that almost throughout the 
series there is much more haemosiderin in the uteri from the cancerous strain 
than in those from the non-cancerous, taken at corresponding times after 
parturition. The difference is not apparent, however, till about i£ months 
after parturition. Up to that time the uteri of the cancerous strain contain 
about the same amount of pigment as those of the non-cancerous strains 
— possibly less. After about i| months the amount increases very con- 
siderably in the cancerous strain, until about 6 months, but not appreciably 
in the non-cancerous. After 6 months there is a very definite decrease in 
amount in the non-cancerous strain but very little decrease in the cancer- 
ous strain. 

These facts are clearly illustrated in PL III, figs. 11 to 15. At 1 month 

6 days after parturition (Text-fig. 2) the two uteri (of cancerous and non- 
cancerous strains) contain approximately the same amount of haemosiderin, 
although in the non-cancerous strain the pigment is more dispersed, but at 
3 months after parturition the cancerous strain uterus (PI. Ill, fig. 12) shows 
a very great amount of haemosiderin as compared with that of a non-cancerous 
strain (PI. Ill, fig. 11). The pigment in the non-cancerous strain uterus is 
spread over as great an area as that in the cancerous strain, but again is very 
loosely distributed. PI. Ill, fig. 13, shows a uterus of a non-cancerous strain 

7 months after parturition and PI. Ill, fig. 14, shows one from a cancerous 
strain at 8 months. Again, the haemosiderin is very much greater in amount 
in the cancerous strain, and much more compact. By 9 months after parturi- 
tion the non-cancerous strain uterus shows only a very small amount of 
haemosiderin (PI. Ill, fig. 1 5) and by 10 months only the merest trace remains 
— not sufficient to show satisfactorily in a photograph, whereas in the cancer- 
ous strain the uteri still show a very large amount of pigment. This decrease 
in the amount of haemosiderin in the non-cancerous strain and its retention 
in the cancerous strain is borne out by examination of cleared whole uteri 
taken at 10 months and more after parturition. In the non-cancerous-strain 
uterus shown in PI. II, fig. 9, taken 10 months after parturition, there is no 
trace of the dark dorsal masses (the small trace found in sections is not visible 
to the naked eye), whereas in the uterus of the cancerous strain taken after 
a much longer period (exact date unknown, but at least 10 months) the 
masses are still clearly visible as dark spots close to the mesentery 
(PI. II, fig. 10). 

It seems to be clearly established, therefore, that at all times after parturi- 
tion, apart from about the first month and a half, as long as haemosiderin is 
present at all, it is present in greater quantities in the cancerous-strain uteri 
than in the uteri of the non-cancerous strains. Further, it seems quite clear 
that it disappears almost completely after about 10 months in the non- 
cancerous strains examined, whereas in the cancerous strain it is scarcely 
diminished in amount at all at that time. 
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These findings raise several interesting questions. Is less haemosiderin 
formed in the non-cancerous strains ? Or is it dispersed more quickly as it 
is formed, so preventing the accumulation of large quantities ? Is it dispersed 
at all in the cancerous strain or is it merely more tightly packed as time goes 
on ? In an attempt to throw light on these questions an investigation of the 
method of formation of haemosiderin was undertaken. 

Mode of Formation and Fate of the Pigment in Non-cancerous Strains 

For an investigation of the method of formation of haemosiderin within the 
wall of the uterus, only material from non-cancerous strains was used in the 
first place, and it is an account of the process as observed in this ‘normal* 
material which is given below. 

Immediately after parturition the former site of the placenta shows a con- 
siderable quantity of extravasated blood and, a little later, numerous phago- 
cytes can be distinguished ingesting the blood. Cells containing ingested red 
corpuscles are first observed in uteri taken 12-24 hours after parturition. 
Ingestion of the erythrocytes seems to be followed within 48 hours after 
parturition by the appearance of haemosiderin, firstly in a diffuse form and 
then granular. In material taken at about 48 hours after parturition and 
stained with hydrochloric acid and potassium ferrocyanide, the phagocytes 
containing ingested erythrocytes show a diffuse blue coloration of their cyto- 
plasm (Text-fig. 3 a), and in slightly later material they show minute darker 
blue granules in the cytoplasm (Text-fig. 3 h). This suggests that after 
ingestion some of the haemoglobin diffuses out of the erythrocytes and is 
broken down into diffuse pigment which is then converted into small granules 
of haemosiderin. In later material again, stained in the same way, blue- 
staining non-granular bodies are observed within the phagocytes, similar in 
shape and size to the erythrocytes (Text-fig. y) and later still, similar bodies, 
but of a granular consistency, are to be seen in the same situation (Text-fig. 3 d) 
— which seems to indicate that the haemoglobin remaining within the erythro- 
cytes is broken down, in situ , into haemosiderin which is at first in a diffuse 
state and later becomes granular. Phagocytosis of the red corpuscles con- 
tinues until all extravasated blood is removed from the tissues. This takes 
a considerable time and cells containing unaltered red corpuscles have been 
observed as late as 21 days after parturition. Meanwhile, deposition of 
granular haemosiderin increases day by day until the phagocytes are crowded 
with the pigment (PI. I, fig. 1). By 21 days a considerable amount of haemo- 
siderin can be seen in the uterine wall and this continues to increase until 
about a month and a half after parturition. After this time little or no increase 
has been observed (see Text-fig. 2, non-cancerous). Increase in quantity of 
haemosiderin is accompanied by a close aggregation of the pigment-forming 
phagocytes. These cells, at first widely dispersed, gradually come together 
into small groups which aggregate to form a loosely packed mass. It should 
be emphasized that in this non-cancerous material the pigment is never very 
closely packed (see PL III, figs. 11 and 13). No extracellular formation of 
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haemosiderin has been seen. All the pigment has been found within cells 
except in extravasations of long standing where a small amount of extra- 
cellular pigment is present, almost certainly due to disintegration of some of 
the phagocytes. * 

It is of interest to compare these observations with those of Muir and 
Niven (1935). These workers injected fresh mouse blood into mice and 
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Text-fig. 3. Four stages in the formation of haemosiderin within the normal mouse 
phagocyte. Drawings made from T.S.s of uteri. Fe (K ferrocyanide-fHCl) and eosin. Oil 
immersion. X 2,700. 


studied its fate in the tissues. They observed phagocytosis of red corpuscles 
within 24 hours after injection and also the appearance of diffuse and granular 
haemosiderin within the phagocytes from 24 hours onwards. They, too, 
observed both small granules and large granular masses of haemosiderin and 
also ingested erythrocytes which gave the Prussian blue reaction. They also 


Plate III 

Fig. 11. T.S. of uterus of mouse of a non-cancerous strain 3 months 28 days after its first 
parturition. Fe and eosin. Low power, x 40. . 

Fig. 12. T.S. of uterus of mouse of the cancerous strain 3 months 5 days after its first 
parturition. Fe and eosin. Low power. X 40. 

Fig. 13. T.S. of uterus of mouse of a non-cancerous strain 7 months 12 days after its first 
parturition. Ehrlich’s haematoxylin and eosin. High power. X275. 

Fig. 14. T.S. of uterus of mouse of the cancerous strain 8 months 12 days after its first 
parturition. Fe and eosin. High power. X275. 

Fig. 15. T.S. of uterus of mouse of a non-cancerous strain 9 months after its first parturi- 
tion. Fe and eosin. High power. X27S. 
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state that they observed only intracellular formation of the pigment. Muir 
and Niven go on to say that at about the seventh day after injection of the 
blood haematoidin appears in the bodies of the phagocytes and gradually 
replaces the haemosiderin from which they believe it to be derived. Our own 
finding^, however, show that haemosiderin is the only pigment formed in the 
mouse uterus from the extravasated blood after parturition: it can still be 
demonstrated after 10 months in small traces and throughout that period 
there is no suggestion of haematoidin or of any other pigment anywhere in 
the uterus. Muir and Niven state that in the period covered by their observa- 
tions (24 hours to 36 days after injection) they found no haematoidin in 
phagocytes situated close to blood-vessels or to nerves, haemosiderin being 
the only pigment found in the cells in these localities, and they add that in 
the rabbit there was no formation of haematoidin up to 5 days, when their 
observations ended. 

The fate of the haemosiderin in our own material is not known with cer- 
tainty, but there is a strong suggestion that the phagocytes carry it away from 
the site of formation. They are never found in the tissues of the uterus 
surrounding the region of formation, but they are found in the mesentery 
(PI. Ill, fig. 11). It is not certain that they have migrated there from the 
dorsal mass, but the appearance strongly suggests that they have done so. The 
dorsal mass seems to ‘tail off’ into the mesentery and to be continuous with 
a ‘stream’ of phagocytes within the mesentery. At the same time the appear- 
ance of the dorsal mass changes in a way which suggests bodily removal of 
some of its constituents. The actual size of the region in which the haemo- 
siderin occurs remains about the same, but the material looks more loosely 
packed as time goes on until, when only a trace of the pigment remains, it 
is seen, in section, as tiny clumps of granules scattered over the original area 
as in PI. Ill, fig. 15. Dark blue granules are visible but nothing is clear-cut 
— they seem to be slightly bordered by a pale blue diffuse stain. On first 
examining sections in this condition it was thought that the method of prepara- 
tion had partly dissolved the granules, but this is not the case : every section 
showing the haemosiderin during its late history shows this blurred appear- 
ance. It looks as though there might be a slight diffusion of the pigment 
immediately around the granules, but the matter is very uncertain. The whole 
picture of the process, as gleaned from sections, much more strongly suggests 
bodily removal of the phagocytes with their loads of pigment. 

Comparison of the Cancerous and Non-cancerous Strains , with regard to the 
Mode of Formation and Subsequent History of Haemosiderin in the Uteri 

In the present study, after the process of formation of haemosiderin and 
its subsequent disappearance had been followed in the uteri of non-cancerous 
strains of mice, attention was turned to the process in the cancerous strain. 
The basic procedure was found to be the same in both, but certain differences 
stand out very clearly. In the first place, ingestion of red corpuscles by the 
phagocytes seems to be slower in the cancerous than in the non-cancerous 
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strains. In the former, it does not begin at the earliest until after 24 hours 
after parturition — in some not until after 48 hours; whereas in the non- 
cancerous strains it is clearly marked between 12 and 24 hours. Further, in 
the cancerous strains phagocytosis can be observed to be still taking place a 
month or so after parturition, whereas in the non-cancerous strains no trace 
of it is found after 21 days. The appearance of haemosiderin is also delayed 
in the cancerous strain until nearly 3 days, sometimes until 4 days, after 
parturition, whereas in the non-cancerous strains it is unmistakably present 
at 48 hours. The amount of haemosiderin gradually increases, but again very 
much more slowly in the cancerous strain. Comparison between a cancerous- 
strain uterus and a non-cancerous-strain uterus at 21 days after parturition 
shows very much less haemosiderin in the cancerous strain. But by 1 month 
6 days the two strains show approximately the same amount of pigment, 
although it is more compact in the cancerous strain than in the non- 
cancerous. 

The later history of the pigment in the two strains has already been dealt 
with above (see p. 483 and Text-fig. 2). In the cancerous strain the amount 
of haemosiderin continues to increase until 5 or 6 months after parturition 
and thereafter shows a very slight decrease, but is still not much below its 
maximum at almost 11 months. In the non-cancerous strains, on the other 
hand, there is very little increase after the first month, the amount remaining 
fairly constant until 5 to 6 months, when it begins to decrease, and by 10 
months it has practically disappeared. The history of the haemosiderin in the 
cancerous strain is not known after 11 months. One uterus only has been 
obtained which was known to be more than 1 1 months post-partum and unfor- 
tunately the exact period is not known, but in the cleared specimen the dorsal 
masses of haemosiderin were still clearly visible to the naked eye. 

Increase in quantity of haemosiderin is accompanied in both strains by a 
closer aggregation of the pigment-carrying phagocytes, but in the cancerous 
strain this aggregation is much more marked than in the non-cancerous strains 
— the packing is very much tighter. Compare PI. Ill, figs. 12 and 11, and 
14 and 13, showing uteri of cancerous and non-cancerous strains in pairs of 
comparable ages. The tightly packed masses in the cancerous strain (PI. Ill, 
figs. 12 and 14) contrast strikingly with the loosely aggregated masses in the 
non-cancerous strains (PL III, figs. 11 and 13). This solid packing of the 
haemosiderin is as characteristic of the cancerous strain as is the excessive 
amount of the pigment and its prolonged retention. 

There is not the same suggestion of migration of pigment-carrying phago- 
cytes from the dorsal mass into the mesentery in the cancerous strain as there 
is in the non-cancerous strain. In the cancerous strain the dorsal mass does 
not ‘tail off’ into the mesentery; neither are pigment-carrying phagocytes 
found within the mesentery (cf. PI. Ill, figs. 12 and 11). The occurrence of 
migration in the non-cancerous strains and its absence in the cancerous strain 
would account for the closer packing of the haemosiderin in the cancerous 
strain and for the greater amount, and for its prolonged retention. 
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The whole question of migration requires further investigation and the 
material available is not what is necessary for the purpose. In most cases the 
uteri used in this study were dissected out fairly cleanly and only a little 
mesentery remained attached : no mesenteric lymph glands have been pre- 
served, and the other organs of the body are not available. 

Conclusions and Discussion 

From the foregoing account certain facts emerge clearly. In the first place 
it is shown that haemosiderin is formed, in all the strains of mice examined, 
from the blood which is extravasated into the wall of the uterus when the 
placenta tears away at parturition. In this connexion the most striking facts 
which emerge, and which are established beyond question, are that in the 
cancerous strain this haemosiderin is found in much greater quantities than 
in the non-cancerous strains, and that it is formed somewhat later and persists 
very much longer. It is by no means certain that these differences are signifi- 
cant with reference to susceptibility to cancer, but they raise some interesting 
questions and encourage speculation. 

In the first place it is not perfectly clear why there is such an excessive 
amount of haemosiderin in the cancerous strain. Is it that more blood is 
extravasated into the tissues ? Or is it that the breakdown product is disposed 
of more slowly and so accumulated ? The latter alternative seems to be the 
more probable. There is no evidence whatever of greater haemorrhage at 
parturition in the cancerous strain, whereas there is abundant evidence of 
delay in dealing with the extravasated blood. Ingesting of the erythrocytes 
starts later and goes on for a longer period and the breakdown pigment 
appears later and persists much longer on the site of formation, as though the 
phagocytes either fail to carry it away or are extremely slow in the process. 
It is as though the scavenging is in some way inefficient as though the 
phagocytes are either fewer in number or less effective in action. There is 
no evidence that they are fewer. Histological study shows no scarcity of 
phagocytes on the scene of action ; neither do blood counts suggest any paucity 
of leucocytes in general, though this latter would, of course, be difficult to 
demonstrate because of the wide range of variation in normal healthy material. 
The whole picture, however, suggests slowness or inefficiency of action on 
the part of the phagocytes rather than paucity in numbers. 

An interesting speculation presents itself with regard to susceptibility to 
cancer. The hypothesis of cellular resistance to cancer put forward by J. B. 
Murphy (1912, 1913, 1914, 1915, and 1918) and discussed by many later 
workers, suggests a connexion between the activities of the lymphocytes and 
susceptibility to cancer. He states that infiltration by lymphocytes accom- 
panies the appearance of a malignant growth. He also says that there is a 
relationship between the amount of lymphocytic infiltration and the success 
of a tumour graft— lymphocytosis reducing the susceptibility to tumour trans- 
plantation, and lymphocytic leucopenia producing increasing susceptibility. 
Murphy also found that pieces of spleen introduced into tissue cultures 
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or implanted in a developing hen's egg interfered with the growth of a 
tumour. 

If the phagocytes, or even the reticulo-endothelial system in general, are 
indeed responsible for resisting the development and growth of cancerous 
tissue, and if (as the results of the present investigation suggest) this mechan- 
ism exhibits inefficiency in the cancerous strain of mice, this might con- 
ceivably be the basis of their susceptibility to cancer. 
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Summary 

1. In mice, haemosiderin is formed in the wall of the uterus from the blood 
extravasated into the tissues when the placenta breaks away at parturition. 

2. The pigment is formed, probably exclusively, within the phagocytes, 
and forms a mass in the mesenteric wall of the uterus. 

3. In mice of the cancerous strain used in this study (R III strain of 
Dobrovolskaia-Lavadskaia) the haemosiderin is formed more slowly and is 
disposed of much more slowly than in the non-cancerous strains examined. 

4. Phagocytic inefficiency in the cancerous strain is suggested and its 
possible connexion with susceptibility to cancer is discussed. 
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"Some' Applications of Phase-contrast Microscopy 

BY 

ROBERT BARER 

( From the Department of Human Anatomy, Oxford) 

With four Plates and three Text-figures 

T HE purpose of this paper is to present a preliminary report on certain 
less obvious applications of phase-contrast microscopy which may be of 
some biological interest. The principles of this method of microscopy are 
now too well known to necessitate any detailed description (Zernike, 1942; 
Burch and Stock, 1942). 

Briefly, the method sets out to render transparent objects visible by convert- 
ing changes in phase, which cannot be appreciated by the human eye or by 
the photographic plate, into changes of amplitude, which can be so appre- 
ciated. The theory, as worked out by Zernike (1942), shows that for the case 
of a grating composed of non-absorbing bars of different refractive indices, 
the final image is exactly that which would ordinarily be produced by a grat- 
ing composed of absorbing bars , provided that the changes in phase produced by 
the grating are small. Perhaps the most remarkable feature of Zemike’s theory, 
as applied to a grating, is that it shows the enormous superiority of phase- 
contrast illumination over other methods for examining transparent material. 
Without going into details, the image produced by an absorbing grating can 
be represented by the sum of an infinite number of sine and cosine waves. 
The image of a transparent grating can be represented by a different series of 
waves. Ideally we should like to convert this second series into the first, and 
this is exactly what phase-contrast illumination does ! All the other common 
methods of observation — bblique illumination, central and oblique dark 
ground illumination, or observation with reduced substage aperture produce 
images which are represented by different sine and cosine series, which while 
in some cases showing certain similarities to the ‘ideal’ series, in general fall 
far short of it. Roughly speaking, we may say that the effect of phase contrast 
illumination is as if we stained the object with a dye which stained each point 
with an intensity proportional to the product of its thickness and refractive 
index. To this extent, and subject to the performance of the microscope, 
phase-contrast illumination gives a true representation of what is actually 
present. All other methods commonly employed to render transparent 
objects visible produce an image which is often a mere caricature of the 
object. 

It must be pointed out that this almost exact theory has only been worked 
out for very special objects, such as gratings, the elements of which produce 
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very °™all changes of phase. It is reasonable to ask how small must these 
changes be, and what happens if they become large. It is not easy to give 
an exact answer to these questions since the mathematics involved is rather 
complicated. Fortunately, we can tackle the whole question in a much more 
general way, and without assuming any particular type of object. 

Following Zemike’s treatment the object (or the image) can be represented 

by a vector diagram as in Text-fig. la. 

Each point is represented in phase and amplitude by a vector. Areas which 
absorb light without affecting its phase will be represented by vectors lying 



along the line OM. Areas which absorb no light but merely alter its phase 
(i.e. transparent objects) will be represented by points on the circumference 
of a circle. Now according to the Abbe theory of the microscope, the final 
image is produced by interfesence between the central undiffracted image of 
the object and a series of diffraction images. In order to obtain phase contrast 
it is necessary to change the phase of the central pencil relative to the phases 
of the diffracted pencils. In practice this is usually accomplished by inserting 
a phase- retarding or phase-advancing strip into the back focal plane of the 
objective, and an illuminating diaphragm of corresponding shapejn the sub- 
stage The phase strip is usually constructed to produce a 90° change of 
phase in the central image. The reason for this is that the exact theory for 
the case of a grating requires such a phase change in order to transform a 
‘phase-grating’ into an ‘amplitude grating’. In practice, however, and in deal- 
ing with a more general type of object, this phase change need not be exactly 
90“. Indeed in some cases it is advantageous to produce a phase change other 

Returning to our vector diagram (Text-fig. 1 a) the effect of the central 
pencil alone can be represented by a vector which is the average of all the 
vectors representing the object. Let us suppose it to be represented by the 
line OC. The effect of the phase strip is to rotate this vector through 90 , 
or in other words to shift the origin of the system from O to O' (positive phase 
contrast) or O" (negative phase contrast). We can now see that non-absorbing 
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points, which are represented by vectors such as P and Q on the circum- 
ference of the circle, will appear to have very different intensities when the 
origin is shifted to O' or O". Whereas with normal illumination the intensities 
of such points were represented by (OP) 2 and (0<2) 2 , i- e * equal and therefore 
showing no contrast, with phase-contrast illumination the intensities become 
(O'P) 2 and (O'0 2 or (0"P) 2 and ( 0"Qf . Restricting ourselves to positive 
phase contrast (i.e. origin at O') we see that highly refracting points will 
appear darker, less refracting points lighter, than the mean illumination. 

Now suppose the object contains many points which produce large changes 
in phase. The effect of such points will be represented by vectors OPi, OP 2 , 
OP 3 , QP 4 , &c., around the circumference of the circle. If these points are 
sufficiently numerous the point representing the average of the whole system 
will approximate to O. Thus phase-contrast illumination would be of no 
value for such an object. At the same time we observe that the intensity of 
a point producing a phase change 6 will be the same as the intensity for points 
producing phase changes of 2 mr-{-d y i.e. an extremely refractile region may 
not always appear any darker than a less refractile region. 

Observations on Living Intact Animals 

In practice, according to Zemike (i94 2 )> phase-contrast illumination is most 
useful for objects which produce phase changes of less than 45 0 (one-eighth of 
a wave-length) since objects thicker than this can be seen reasonably well by 
other methods. In most cases this means that phase contrast is best used with 
very thin objects. Single cells such as protozoa or tissue cultures are ideally 
suited for this method of examination. The excellent films produced by 
Michel (on the development of grasshopper spermatocytes) and by Hughes 
(on the growth of cells in tissue cultures) have already shown the enormous 
potentialities of the method for this type of material. Unfortunately, the 
insistence on the use of thin objects has rather tended to obscure the point 
that it is not thickness per se that is important, but the amount of phase change. 
Phase-contrast illumination may be quite useful for examining relatively 
thick but very transparent objects. Now the larva of Chaohorus (the phantom 
larva) has long been known for its transparency, and it was thought that it 
would provide good material for examination by phase-contrast illumination. 
The larva is usually several millimetres in diameter but can be flattened some- 
what by mounting in water under a cover slip. At the same time this 
immobilizes the insect, but if carried out gently does not appear to harm it, 
for the latter will swim away quite normally when released after examination. 
Now it must be admitted that many of the cells and tissues of Chaoborus can 
be observed by the familiar method of reducing the substage iris to a very 
small diameter and altering the focus. As a matter of fact this is one method 
(though a very poor one) of producing phase contrast. Resolving power is 
lost owing to the small substage aperture, the method only works properly 
when thfc object is slightly out of focus, diffraction effects are accentuated, 
and the image is a very poor representation of what is actually present. With 
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properly adjusted phase-contrast illumination the results are very different. 
It is possible to state with reasonable confidence that we can now observe 
living cells in the living intact multicellular organism with greater clarity, and 
with a greater chance of seeing what is actually present, than ever before. 
PL I, fig. i, shows a low-power general view of part of a living Chaoborus 
larva, focused on two ganglia with the intervening nerve-cord. PI. I, figs, 2 
and 3, are higher power views of single ganglia, taken with the J in. objective. 
These photographs show one large nerve-cell on each side of the ganglion. 
The nuclei and nucleoli are clearly seen and it will be observed that the cyto- 
plasm is highly granular. These granules are particularly well seen in PI. I, 
fig. 3. It is not yet possible to establish their nature with certainty. At first 
sight they might be taken for Nissl granules, and indeed their appearance in 
PI. I, figs. 2 and 3, closely resembles that in fixed sections stained with Borrel’s 
methylene blue, a recognized Nissl stain. It is possible, however, that the 
granules seen in the living cells may be part of the Golgi apparatus, which is 
often very easily seen in other living cells by phase-contrast illumination. 
Another region of some interest is shown in PI. I, fig. 4. It is necessary to 
speak with caution of such material as the tissues of living insect larvae, but 
as a result of prolonged observations I am of the opinion that PI. I, fig. 4, 
is a photograph of a living motor nerve-ending in a muscle-fibre. (All the 
muscles of Chaoborus larvae are composed of single fibres.) The pyramidal 
accumulation of sarcoplasm containing one or more nuclei with what appears 
to be a nerve-fibre entering at the apex corresponds to the description of the 
‘Doy&res hillock’ given in the entomological literature (see Morison, 1927). 
PL II, fig. 5, shows another view of these end-plates taken at the same 
magnification but from a smaller specimen. Two end-plates are seen (they 
lay on slightly different planes and a compromise focus had to be chosen in 
order to show both on the same photograph) and they appear to be inter- 
connected by two nerve-fibres which seem to emerge from a common junc- 
tion, at which there appears to be some sort of cell, possibly a peripheral 
nerve-cell, but more probably a neurilemmal cell. Numerous sarcoplasmic 
granules are also seen. Other insect larvae are also suitable for study by 
this method, e.g. young mosquito and Chironomus larvae (PL II, fig. 6). 
The giant salivary gland chromosomes in the intact Chironomus larva can 
often be seen quite well. Numerous possibilities exist for the study of secre- 
tory and excretory activity of cells in insect larvae. It is very much to be 
hoped that suitable vertebrate material may be found. I have carried out 
preliminary observations on the tissues of a tadpole’s tail and the results were 
quite promising. Unfortunately, these observations were made rather late 
ip the spring when frog tadpoles were very scarce and rather large. The trans- 
parent tails of very young tadpoles should be quite suitable. The mesenteries 
of small vertebrates have not on the whole been found satisfactory, though 
very clear views of the capillary endothelium have sometimes been obtained. 
It is possible that a very thin transparent chamber inserted in the ear of a 
rabbit may prove satisfactory. 
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The Examination of Stained Sections 

It is generally stated that phase-contrast illumination is of no value for 
examining stained objects. This opinion seems to have been based mainly 
on theoretical consideration of an over-simplified ideal case. In Text-fig. 1 
we saw that Zernike represented all absorbing points as lying on the line OM, 
and all phase-changing points as lying on the circumference of the circle. 
When the origin is shifted from O to O', the absorbing points on OM become 
roughly equidistant from O' and therefore lose contrast. Now a stained 
section will contain points like U and V (Text-fig. ib) which both absorb and 
produpe changes of phase. The intensities of such points will be proportioned 
to (O't/) 2 and (O'V ) 2 and they will appear to have good contrast, whereas 
with ordinary illumination (origin at O) they will appear equally stained. We 
thus have the theoretical possibility that phase-contrast illumination may 
after all be of some value for examining stained objects. To put the matter 
very crudely we should expect to lose much of the contrast due to the staining, 
but we might gain a different contrast due to differences in refractive index 
in both the object and the stains. (In a private communication Dr. Burch 
has suggested that stains may have anomalous refractive indices in the region 
of their absorption bands, and that it would be interesting to examine stained 
sections by phase-contrast illumination using monochromatic light of dif- 
ferent wave-lengths, in order to vary staining contrast.) It must be admitted 
at once that this simple theory is far from adequate. Unfortunately, the exact 
treatment bristles with difficulties, and, indeed, it is unlikely that the problem 
will ever be solved for any but very special cases. In the circumstances it was 
judged best to try the method in practice. A wide range of routine normal 
and pathological material was examined, but a systematic examination of 
different stains and mounting media has not yet been made. 

There are several ways in which phase-contrast illumination may be of 
value for examining stained sections. Perhaps its most obvious use is to 
render visible details of structure which have not been properly stained by the 
dyes employed. Such cases occur especially in certain histochemical reac- 
tions. Text-fig. 2 a shows a section of bone marrow stained by the Feulgen 
technique. Only the nuclei are visible. Text-fig. 2 b shows the identical 
field as seen by phase-contrast illumination. The cytoplasm as well as the 
nuclei of the cells is now rendered visible. 

Other examples of the way in which unstained or poorly stained details can 
be made clearer are shown in Pis. II and III, figs. 7-10. It should be pointed 
out that it is often extremely difficult to demonstrate the superiority of phase- 
contrast illumination over ordinary illumination by means of photographs. 
The reasoq for this is that one automatically tries to get the best possible 
photograph out of any given material. Details which are seen with difficulty 
through the microscope can be rendered clearer by filters, differences in 
exposure, development, and printing. Strictly speaking one ought to treat 
both phase-contrast and ordinary pictures identically, but this is very difficult 
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as the former require longer exposures. A direct comparison under the 
microscope is far more convincing than any series of photographs. Were it 
not for a natural tendency to ‘load the dice’ against oneself the photographic 
superiority of phase-contrast would be even more clear-cut. 

Neurological material offers a particularly interesting field for study by 
means of phase-contrast microscopy. It is well known that scarcely any two 
methods of staining nervous tissues will produce the same result. As regards 




,s. 


Text-fig. 2 a. 


Text-fig. 2 b. 


the various methods of silver staining, one may almost say that the same 
method in the hands of two different workers will produce different results. 
It is, therefore, of some interest to know what an entirely unstained nerve- 
cell looks like. The answer is seen in PI. Ill, figs. 11, 12. 

These cells were almost invisible by ordinary illumination, even when the 
substage iris was almost closed, and were quite impossible to photograph, 
except by phase-contrast illumination. The appearance is more or less what 
one might expect to see if it were possible to use a mixture of silver staining 
and Nisal staining. It is the purpose of this paper to describe the possible 
applications of a new technique rather than to discuss results, but for the 
present we may say that the nerve-cell, free from staining artifact (but not, 
of course, free from fixation artifact), may show appearances suggestive of 
Nissl granules, Golgi apparatus, boutons terminaux , and numerous extremely 
fine cell processes. A further investigation on frozen-dried material and tissue 
cultures is being undertaken. 

Returning, however, to the question of stained nervous tissue, in general 
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we may say that any given stain is fairly specific for either nerve-cells or nerve 
-processes. Thus toluidin blue, methylene blue, and cresyl violet stain nuclei 
and Nissl granules but not nerve-fibres, whereas the reverse is on the whole 
true of most silver stains. We thus have the possibility of rendering the miss- 
ing element visible by phase-contrast illumination. 

PL IV, fig. 13, shows the Purkinje cells of the cerebellum seen in a Biel- 
schowsky preparation. The nerve-fibres are very clear but the cells seem almost 
devoid of detail. PI. IV, fig. 14, shows the same field by phase-contrast 



Text-fig. 3a. Text-fig. 3 b . 


illumination. The nuclear structure is clearly visible. Conversely it is often 
possible to render the nerve-fibres more visible in Nissl preparations by 
means of phase- contrast. Finally, it is necessary to mention the various 
myelin stains, used for studying nerve-tracts. These usually leave the nerve- 
cells unstained and the latter can be rendered visible by phase- contrast 
illumination. Text-figs. 3a, 36 show this effect in a Weigert-Pal preparation 
(X 150) of a transverse section of the spinal cord (monkey). 

The main disadvantage of the method is that it very often renders too much 
detail visible. Most stains are to a certain extent selective, but phase- contrast 
illumination may reveal so many minute fibrils that it is very easy to miss the 
wood for the trees. A considerable amount of further study will be necessary 
before any exact evaluation of the method as applied to neurological material 
can be made. 

Many types of granules are extremely easily seen by means of phase- 
contrast illumination. PI. Ill, figs. 9, 10, shows a section of liver from a case 
of pemicipus anaemia. Iron-containing pigment granules (haemosiderin) are 
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present but very difficult to see by ordinary methods. Phase contrast reveals 
the presence of myriads of these granules with remarkable clarity. Even such 
normally well-seen pigment granules as melanin are rendered clearer by phase 
contrast. PL IV, figs. 15,16, from a section of a melanoma of the skin illustrate 
this point. The method has also been used with success for demonstrating 
secretory granules. It should be mentioned that all the photographs of fi^ed 
material shown were from routine paraffin sections, 8-12 /u. thick, mounted in 
Canada balsam. 

Discussion and Conclusions 

It is necessary to emphasize once more that it is not the purpose of this 
paper to discuss results in detail, but rather to suggest certain applications of 
phase-contrast microscopy which require further study. As regards the 
examination of living cells and tissues anyone who has ever seen such material 
by properly adjusted phase-contrast illumination would readily acknowledge 
its superiority over the older methods. The main problem here is to find suit- 
able material. Isolated cells such as bacteria, protozoa, tissue cultures, or 
spermatozoa are of course ideal, but multicellular organisms are in many ways 
more interesting and important. Insect larvae and other transparent creatures 
such as certain medusae may yield useful information, but it would be very 
valuable to be able to extend the range of available material, especially to 
vertebrate tissues. The examination of stained sections by phase-contrast 
illumination is still in its infancy. Time and further investigation alone will 
show its uses and limitations. All that can be said at present is that it may 
prove to be a useful adjunct to the usual methods for examination of certain 
types of material. It is not possible to predict what will be seen by its aid. 
In some cases certain details may be rendered more clearly visible, in others 
the method will be found of no value. One practical point should be empha- 
sized: the appearance of a stained section under the low power (f in. objec- 
tive) is often bizarre and disappointing. The investigator should not be 
disturbed by this but should always proceed to examine the section with the 
J in. objective, when the appearance is often greatly improved. I am at 
present unable to offer any satisfactory explanation for this phenomenon, 
but recent experiments suggest that appearances can be greatly improved by 
proper choice of colour filters. One last word : it is of course very important 
that any new method of microscopy should be received with caution. It must 
be admitted that there are many theoretical and practical points about phase- 
contrast illumination that require much further study. Nevertheless the 
theoretical basis underlying the method is sufficiently well understood to enable 
one to say that the image seen by its use bears at least as close a relation to 
what is actually present as that seen by more orthodox methods. Indeed, it 
is necessary to point out that the theory underlying the observation of stained 
objects by ordinary illumination is very far from complete. The theory under- 
lying the use of oblique or central dark ground illumination is even less per- 
fectly understood, but this has not prevented the extensive use of these 
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methods. The proper course to pursue for the present is to use the method 
cautiously as an adjunct to other routine methods and to seek out its special 
applications and limitations. 

I wish to thank Professor W. E. Le Gros Clark, F.R.S., for his encourage- 
ment and advice. I have had several valuable discussions on histological 
matters with Drs. A. Brodal, P. Glees, and G. Bourne. Mr. A. W. Dent and 
Mr. L. G. Cooper have provided technical assistance. Finally, I wish to 
express my special gratitude to Dr. C. R. Burch, F.R.S., for many stimulating 
discussions on all aspects of phase-contrast microscopy. 

Summary 

Some extensions of the simple theory of phase- contrast microscopy are 
considered. It is emphasized that transparency , rather than thickness , is the 
limiting factor for the successful employment of the method. Certain trans- 
parent insect larvae ( Chaoborus , Chironomus) can be observed in the living 
state by phase-contrast illumination. 

The statement that the method is of no value for the examination of fixed 
and stained sections is based on consideration of an ideal physical case. In 
practice the method may be a valuable adjunct to routine examination of such 
material. Examples are given of the application of phase-contrast microscopy 
to normal and pathological stained sections. 
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EXPLANATION OF PLATES 

All the figures are untouched photomicrographs taken with the Cooke, 
Troughton, and Simms phase-contrast equipment. Green filter. Ortho- 
chromatic film. 

Plate I 

Fig. 1. Low power view (phase contrast X 150) of two segments of a living Chaoborus 
larva. Focused at the level of the nerve-cord and ganglia. Two large nerve-cells are visible 
in the lower ganglion. 

Fig. 2 . Higher power view ( X 500) of a single ganglion showing two nerve-cell nuclei and 
nucleoli. 

Fig. 3. Another example ( X 500) showing the granules in the cytoplasm of the large nerve- 
cell on the right. 

Fig. 4. Motor nerve-ending (phase contrast X 500) in striated muscle-fibre of a Chaoborus 
larva. Note the nucleus. 

Plate II 

Fig. 5. Another example of motor nerve-endings ; same magnification as Fig. 4 ( X 500) but 
from a smaller specimen. The two muscle-fibres lay on slightly different levels and a com- 
promise focus was chosen. Note the sarcoplasmic granules and the apparent inter-connexion 
of the nerve-fibres. 
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Fig. 6. Nucleus and nucleolus of a cell in an anal appendage of a living Chironomus lam. 

Phase contrast x 500. , . 

Fie. 7. Epididymis tubule. Haematoxylin and eosin. Normal illumination. Xsoo. 

Fig. 8. Same field. Phase contrast. The details of the poorly stained abated epithelium 
are now clearly seen. 

Plate III 

Fig o. Liver in pernicious anaemia. Haematoxylin and eosin. Normal illumination. X500. 
Fig. 10. Same field. Phase contrast. The tiny haemosiderin granules are made visible. 
Fig. 11. Anterior horn cells of spinal cord of a monkey. Unstained. Alcohol-acetic acid 

fixation. Phase-contrast. X 5°°* . . 

Fig. xa. Anterior horn cell of monkey. Unstained alcohol-acetic acid fixation. Phase 

contrast. X 1,200. 

Plate IV 

Fig. 13. Purkipje cells, cerebellum. Bielschowsky’ssilver impregnation. Normal illumina- 

Fig. 14. Same field. Phase contrast. Note nuclear detail and great increase in numbers! 

^ Fig. 15. Melanoma of skin. Haematoxylin and eosin. Normal illumination. X.500*', • 

Fig. 16. Same field. Phase contrast. Melanin granules become more sharply defined. 
Note also the intercellular bridges. 
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PREFACE 


The arrangement of this Index of Volumes 62-87, inclusive, follows 
closely that of the two previous ones, namely, Volumes 1-28 and 
29-61. 

Authors and subjects are in the same alphabetical series — the 
former printed in capital letters. If an author has more than one 
paper they are numbered chronologically in brackets; the title of 
papers by two or more authors is given in full for the first-named 
author only. 

Where there is more than one author with the same surname, direct 
references are given to all except the author with the longest series of 
papers, which are treated in the usual way. 

Numbers referring to volumes are printed in heavy type, those 
referring to pages in ordinary type. 
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of Nephridia, and Eisen’s so-called 
‘safety valves’ in Pontoscolex, 84. 
i-«7- 

— (13) IV. The Enteronephric System 
in Megascolex cochinensis, with 
Remarks on Vestigial Nephridia, 84, 
i 8 ~ 34 - 

— (14) V. The Enteronephric System in 
Megascolex ceylonicus and Mega- 
scolex sarasinorum, with Remarks 
on the Phagocytic Organs in Mega- 
scolex templetonianus, 85, 177 90. 

— (15) VI. The Physiology of Excretion 
and the Significance of the Entero- 
nephric Type of Nephridial System in 
Indian Earthworms, 85. 343 89. 

— (16) VII. The Enteronephric Type of 
Nephridial System in Earthworms 
belonging to Three Species of Mega- 
scolex Templeton and Three Other 
Species of Travoscolides Gates 
(Megascolides McCoy), 87, 45-60. 

— (17) VIII. Biochemical Estimations 
of Nutritive and Excretory Substances 
in the Blood and Coelomic Fluid of the 
Earthworm and their Bearing on the 
Role of the Two Fluids in Metabolism, 
87, 357-71* 

Baitsell, G. A. On the Origin of the 
Connective-tissue Ground-substance in 
the Chick Embryo, 69, 571-90, pis. 
44-7. 

Baker, J. JR. (1) On the Descended 
Testes of Sex-intergrade Pigs, 69, 689 - 
702. 

— (2) The Free Border of the Intestinal 
Epithelial Cell of Vertebrates, 84, 73- 
103, pis. 3-5. 

— (3) The Structure and Chemical 
Composition of the Golgi Element, 85, 
1-72, pis. 1, 2. 

— (4) The Histochemical Recognition of 
Lipine, 87, 409-70, pl. 10. 
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Baptist, B. A. The Morphology and 
Physiology of the Salivary Glands of 
Hemiptera-Heteroptera, 83, 

Barnett, S. A., and Bourne, G. Dis- 
tribution of Ascorbic Acid (vitamin C) 
in Cells and Tissues of the Developing 
Chick, 83, 259-98, pis. 14, 15. 

Barr, R. A. (1) Some Observations on 
the Pedal Gland of Milax, 70, 647-68, 
pis. 33* 34- 

— (2) Some Notes on the Mucous and 
Skin Glands of Arion ater, 71, 
503-26, pis. 38-9. 

Barrington, E. J. W. (i) The Structure 
and Development of the Tail in the Plaice 
(Pleuronectes Platessa) and the Cod 
(Gadus morrhua), 79, 447-70. 

— (2) Observations on Feeding and 
' Digestion in Glossobalanus minu- 

tus, 82, 227-60. 

— (3) The Supposed Pancreatic Organs 
of Petromyzon fluviatilis and 
Myxine glutinosa, 85, 391-417. 

Bathynella and some allied Crus- 
tacea, Caiman, 62, 489. 

Baxter, E. W. See Newell, 79> I2 3- 
Bdellostoma, eggs and embryos, Gil- 
christ (2). 

Beament, J. W. L. The Formation and 
Structure of the Chorion of the Egg in 
an Hemipteran, Rhodnius prolixus, 
87, 393-439. 

Beams, H. W. (i) Gatenby, J. B., and 
Muliyil, J. A. Ultra-centrifuging the 
Spermatocytes of Helix aspersa, 
78, 387-96, pi. 19. 

— (2) See Gatenby (28). 

— (3) See Patten (3). 

Beauchamp, R. S. A. See Ullyott. 
Beddard, F. E. Some Observations upon 

the Development of the Teeth of 
Physeter macrocephalus, 67, 1-32. 
Beer, G. R. de. (i) The Segmentation 
of the Head in Squalus acanthias, 
66, 457-74. 

— (2) Some Observations on the Hypo- 
physis of Petromyzon and of Amia, 67, 

257-92- 

— (3) See Huxley, 67, 473-96. 

— (4) The Prootic Somites of Hetero- 
dontus and of Amia, 68, 17-38. 

— (5) Contributions to the Study of the 
• Development of the Head in Hetero- 

dontus, 68, 39-66. 


Beer, G. R. de. (6) Studies on the 
Vertebrate Head, 68, 287-342. 

— (7) Notes on Placodes and the 
Ophthalmic Nerves, 68, 661-5, pis. 34, 
35- 

— (8) and Huxley, J. S. Studies on 
Dedifferentiation. 5. Dedifferentiation 
and Reduction in Aurelia, 68, 471-80, 
pi. 22. 

— (9) Contributions to the Develop- 
ment of the Skull in Sturgeons, 69, 
671-88. 

— (10) Studies on the Vertebrate Head. 
II. The Orbito-temporal Region of the 
Skull, 70, 263-370. 

— (11) On the Development of the 
Skull in Torpedo, 70, 669-80. 

— (12) The Early Development of the 
Chondrocranium of Salmo fario, 71, 
259-312. 

— (13) The Early Development of the 
Chondrocranium of the Lizard, 73, 

707-39. 

— (14) The Development of the Skull 
of Scyllium canicula, 74, 591-646, 
pis. 32-7. 

— (15) On the Nature of the Trabecula 
Cranii, 74, 701-32, pis. 40-6. 

— (16) On the Skeleton of the Hyoid 
Arch in Rays and Skates, 75, 307-20, 
19-21. 

Belone vulgaris, larval teeth, Moy- 
Thomas (2). 

Berkeley, C. The Green Bodies of the 
Intestinal Wall of certain Chaeto- 
pteridae, 73, 465-76, pi. 26. 

Berrill, N. J. The Development of the 
Skull in the Sole and the Plaice, 69, 
? 1 7-44. 

Bettongia, primitive streak and associ- 
ated structures, Kerr (2). 

Bhatia, B. L. The Genus Stomatophora, 
Drzewecki, 68, 481-512, pL 23. 

Bhatia, D. The Structure of the Latero- 
frontal Cells of the Gills of Mytilus 
edulis, 70, 681-92, pi. 35. 

Bhatia, D. R., and Nath, V. Studies in 
the Origin of Yolk. VI. The Crus- 
tacean Oogenesis, 74, 669-700. 

Bhatia, M. L. On the Structure of the 
Nephridia and ‘funnels* of the Indian 
Leech, Hirudin aria, with Remarks 
in Three Organs in Hiriido, 8x, 27- 
82. ~ 
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Bhattacharya, D. R., and Brambell, 
F. W. R. The Golgi Body in the 
Erythrocytes of the Sauropsida, 69, 
357~9, pi. 22. 

Bidder, Anna M. See Portmann, 72, 
301. 

Bidder, G. P. The Relation of the form 
of a Sponge to its Currents, 67, 293-324. 
Bionomics of Lygocerus, Haviland, 65, 
101. 

of certain Cynipid hyperparasites of 
Aphides, Haviland, 65, 451. 

— of hymenopterous parasites, Havi- 
land, 66, 322. 

Bishop, A. (1) Some Observations upon 
Spirostomum ambiguum, 67, 391- 
434, pis. 22, 23. 

(2) A Study of the Micronuclei of 
Spirostomum ambiguum major 
during Division, 69, 661-70, pis. 51, 52. 

(3) The Cytoplasmic Structures of 
Spirostomum ambiguum, Ehr., 
71, 147 -72, pis. 17, 18. 

Blastomere cleavage, Gross. 

Bleakly, M. The Vascular System of 
Octochaetus thomasi, Beddard, 78, 
251- 70, pis. 8, 9. 

Bles, E. J. Arcella, a Study in Cell 
Physiology, 72, 527-648, pis. 30-40. 
Blood; amoeboid elements, Helix, 
Haughton. 

— Earthworm, Bahl (17). 

— Invertebrates, Goodrich (3). 

— systems, Sabellids, Ewer. 

— Tunicates, George, 81, 391. 

Bodo caudatus, effect of Gamma- 
Rays on growth of, Robertson. 

Boeke, J. The Autonomic (Enteric) 
Nervous System of Amphioxus 
lanceolatus, 77, 623-58. 

Bolocera; Gemmill (4). 

Bomarea, root-tip chromosomes, Jane. 
Borg, F. On the Body- wall in Bryozoa, 
70, 583-98. 

Botrylloides, development, Garstang, 

72, 1. 

Bourne, G. See Barnett, 83, 259. 

Bourne, G. C. (i) On Some New 
Phelliinae from New Guinea, 63, 31- 
90, pis. 3-5. 

(2) Fifty Years of the ‘Quarterly 
Journal of Microscopical Science’ under 
the Editorship of Sir E. Ray Lankester, 

64, ^ 


Bourne, G. C. (3) Observations on 
Arachnactis albida, M. Sars, 64, 
27-65, pis. 3“5- 

Bowen, R. H. (i) Studies on Insect 
Spermatogenesis. V. On the Formation 
of the Sperm in Lepidoptera, 66, w 
626, pis. 24-6. 

(2) Studies on the Golgi Apparatus 
in Gland-cells. I. Glands associated 
with the Alimentary Tract, 70, 75-112, 
pis. 4-9. 

(3) II* Glands producing Lipoidal 
Secretions— the so-called Skin Glands, 
70, 193-216, pis. 18-20. 

(4) HI- Lachrymal Glands and Glands 
of the Male Reproductive System, 70, 
395 -418, pis. 25 -8. 

(5) IV. A Critique of the Topography, 
Structure, and Function of the Golgi 
Apparatus in Glandular Tissue, 70, 
419-50. 

— (6). See Frew, 73, 197. 

Boyd, Mary M. M. The Structure of 
the Ovary and the Formation of the 
Corpus luteum in Hoplodactylus 
maculatus, 82, 337-76, pis* 13-19. 
Boyle, W. See Singh, 81, 83. 

Brambell, F. W. R. (i) See Bhattacharya. 

— (2) See Tribe. 

Branchial skeleton, epiphysial growth, 
Haines (1). 

Branchiomma vesiculosum, de- 
velopment, Wilson. 

Branchiostoma, nephridia, Goodrich 
(12). 

— golgi apparatus of endostyle, Sub- 
ramaniam. 

Brazil, leech from, Badham (3). 

Brock, G. T. (i) On the Development 
of the Skull of Leptodeira hotam- 
koia, 73, 289-334, pis. 12, 13. 

(2) The Formation and Fate of the 
Operculum and Gill-chambers in the 
Tadpole of Rana temporaria, 73, 
335-44. 

Brown, R. H. J. The Effect of Ultra- 
centrifuging Vertebrate Neurones, 79, 
73-90, pis. 2, 3. 

Brown, V. E. Cytology and Binary 
Fission of Peranema, 73, 403-20, 
pis. 19-21. 

Bryozoa, body- wall, Borg, 70, 583. 
Bullanympha n.g. polymastigote flagel- 
late, Kirby (4). 
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Bullock, T. H. The Anatomical Or- 
ganization of the Nervous System of 
Enteropneusta, 86 , 55- 111 , P ls - 2-8. 

Cable, R. M. (i) Studies in the Germ- 
cell Cycle of Cryptocotyle lingua 
Creplin. I. Gametogenesis in the Adult, 
74 >. 5 6 3-9o, pis. 26-31. 

— (2) II. Germinal Development in the 
Larval Stages, 76, 573-614, pis. 32-5. 

Cacosternum, cranial characters, de 
Villiers (2). 

Caddis. See Hydropsyche. 

C a d u.c e i a , polymastigote Flagellates, 
Kirby (3). 

Calandra (Weevil), embryonic develop- 
ment, Tiegs (1, 2). 

— meiotic phase, Gunson. 

— metamorphosis, Murray. 

— mid-gut and intracellular micro-organ- 
isms, Mansour (1-4). 

Calanus; oogenesis, Hilton. 

— parasites, Jepps (3). 

Calcium carbonate ; elimination from 
malpighian tubules, Eastham (1). 

— excretion in a new triclad, Percival (2). 
Calcospherites of Dipterous larvae, 

Keilin (2). 

Callan, H. G. The Chromosomes of the 
Cymothoid Isopod Anilocra, 82, 
327-36. 

Calliphora erythrocephala, ptili- 
num, Laing. 

Calma; adaptation, Evans. 

Calman, W. T. Notes on the Morpho- 
logy of Bathynella and some Allied 
Crustacea, 62, 489-514. 

Calotes ; gonads, Simkins. 

— cranium, Ramaswami. 

Campanularia, resorption and inhibition, 

Huxley (4). 

Camp ode a, ‘dorsal organ’ of embryo, 
Tiegs (5). 

Cannibalism in Amoeba, Lapage (1). 
Cannon, M. G. (i) See Doncaster (1). 

— (2) Early Development of the Summer 
Egg of a Cladoceran (Simocephalus 
vetulus), 65, 627-42, pi. 25. 

— (3) On the Labral Glands of a Clado- 
ceran (Simocephalus vetulus) with 
a Description of its IViode of Feeding, 

66, 213-34, 9, IO ' 

— (4) A Further Account of the Sperma- 
togenesis of Lice, 66, 657-68. 


Canti, R. G. See Strangeways. 

Carausius morosus (Stick-insect), 
development, Thomas, 78, 487. 
Carcinus, spermatophore, Spalding. 
Carleton, H. M. (1) Observations on 
the Intra-nucleolar Body in Columnar 
Epithelial Cells of the Intestine, 64, 

329-43, Pi* *7 • 

— (2) See Champy. 

— (3) Note on the Comparative Effects 
on Tissues of Isotonic Saline and Dis- 
tilled Water when used as Solvents for 
Mercuric Chloride and Formol in 
Histological Fixation, 66, 501-8. 

— (4) and Haynes, F. Histological 
Technique — review, 70, 721. 

— (5) The Origin of Dust-cells in the 
Lung, 71, 223-38, pi. 27. 

Carter, J. T. On the Cytomorphosis of 
the Enamel Organ in the Hake, 63, 
387-400, pis. 22-4. 

Carter, L. A. The Somatic Mitosis of 
Stegomyia fasciata, 63, 375“86, 
pi. 21. 

Caryophyllaeidae from Sudan, Wood- 
land (4). 

Cat, adrenal gland, Davies, 80, 81. 

— golgi element in kidney tubules, 
MacManus. 

— thyroid glands, Lowe (3). 

— See also Felis domestica. 

Cavia; sperm, Gatenby (14)* 

Centrifugal forces on, Amoeba pro- 

teus, Singh (1). 

— oocyte of mouse, Gresson (6, 10). 

— See also Ultra-centrifuge. 

Centroplast of the Heliozoa, Dobell. 
Centropygus joseensis, a leech from 

Brazil, Badham (3). 

Cephalodiscus, development, Gil- 
christ (1). 

Cephalopoda, neuron cytology, Young 
(2). 

— giant nerve-fibres and epistellar body, 

Young (4). 0 

Cephalothrix, development, Smith, 

77, 335- 

Ceratodus, development of muscles, 
quadrate and epihyal, Edgeworth. 
Cercaria macrocerca, anatomy, 
Vickers. 

Cestoda, Woodland (2, 4» 6, 7). 

CKaetae, formation and nature of, in 
Sabellaria, Ebling. 
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Chaetognatha. See Spadella. 
Chaetopteridae, green bodies in intesti- 
nal wall, Berkeley. 

Chalcidae; parasites of Coccidae, Imms 

(x). 

of Aphides, Haviland (1-3). 

of Donacia egg, Gatenby (1,6). 

Champy, C., and GJarleton, H. M. 
Observations on the Shape of the 
Nucleus and its Determination, 65, 
589-610, pis. 23, 24. 

Chemistry ; nutritive and execretory 
substances in earthworms, Bahl (17). 

— muscles of Apis, Morison (1-3). 

— See also Histochemistry. 

Chick; temperature on early develop- 
ment of, Tazelaar. 

— ascorbic acid in cells and tissues, 
Barnett. 

Chilodon, maturation, conjugation, 
MacDougall (1, 2). 

Chilomonas, golgi apparatus and 
pyrenoids, Gatenby (31). 

Chiridota, gregarines, Pixell Goodrich 

(3) : 

Chirocephalus diaphanus, egg 
membranes, Mawson. 

Chlorophyll, animal, Fulton. 
Chondrocranium ; Ascaphus, Pusey (2). 

— Calotes, de Beer (13), Ramaswami. 

— Salmo, de Beer (12). 

Chordata, myenteric nerve-plexus, Kirti- 
singhe. 

Chromatic droplets in growth of insects, 
Wiggles worth (7). 

Chromosomal vesicles, Kater. 
Chromosomes ; Abraxas, Doncaster 
(2), Anilocra, Callan. 

— Actinomyxidia Naville. 

— Culex, Taylor ( 1 ). 

— Gammarus, Palmer. 

— Gregarines, Jameson. 

— Marsupials, Altmann. 

— somatic of Alstroemeria and 
Bomarea, Jane. 

— structure and division, Lee (1, 3), 
Ciliary Currents in Atlantidae, Yonge (4). 

— Mechanisms of Polyzoa and Lamelli- 
branchs, Atkins (2-6). 

— movement and ions, Gray, 64, 345. 
Ciliata; Anoplophrya (Cirratulus) cy- 
tology, King (4). 

— Astomatous (Oligochaetes), Mac- 
kinnon (1). 
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Ciliata; Chilodon, cytology, Mac- 
Dougall (2). 

— Diplodinium (ruminants), Wert- 
heim. 

— Foettingeridae ; (Gammarus moult), 
Percy; (Anemones), de Morgan. 

— Lagenophrys (Gammarus), Willis. 

— Opalina (frog), King (5). 

— Ophryoscolex (Ungulata), Dogiel 

(I) . 

— Paramoccium, micronucleus, 
Woodruff. 

— sexual differentiation, Dogiel (1, 2). 

— Spirostomum, Bishop (1-3). 
Cirripedia: Baccalaureus maldiven- 

sis, n.sp., Pyefinch (1, 2). 

— Sacculina, life-history, Day. 

— tegumental glands, Thomas, 84, 257. 
Cladocera; labral glands and feeding, 

Cannon (3). 

— Summer egg, Cannon (2). 

Clave llina, amoeba-like bodies in 
stomach, Huxley (1). 

Cleavage, changes in cytosome during, 
Pelluet. 

Clitellum; Brandling worm, Grove (4). 

— Alma, Grove (5). 

Cnidonema capensis, g. et sp.n. a 

crawling Medusa, Gilchrist (4). 

Coates, C. W. See Smith, 79, 487. 
Coccidae; Guerinia parasitized by 
Diptera, Thorpe. 

— Chalcid parasites of, Imms (1). 
Coccidia (Lithobius) golgi bodies, King 

(1). 

C o c c i n e 1 1 a , alimentary canal, Pradham. 
Codosiga, Lapage (2). 

Coelomic fluid of earthworms; Bahl (17). 
Coetenterata ; Protohydra, Hickson (1). 

— a crawling medusa, Gilchrist (4). 

— Melicertidium, a Leptomedusan, 
Gemmill (3). 

— See also Actinozoa, Hydra. 

Cole, H. A. Primary Sex-Phases in 
Ostrea edulis, 83,317-56. 
Coleoptera; Corynodes, embryology, 
Paterson. 

— Hydrophilous larvae, Pavlovsky (1). 

— intracellular micro-organisms, Man- 
sour. 

— reproductive system, Metcalfe (1,2). 

— See also Calandra, Luciola. 

Coliembola ; tracheal system, Davies, 71, 

15 - 
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Collcmbola; dorsal organ, Tiegs (4). 
Collier, V. Studies on the Cytoplasmic 
Components in Fertilization I , A s c a r i s 
suilla, 7*. 397-418. I 

Commensals, intracellular micro-organ- 
isms in beetles, Mansour (3). 

Conjugation of triploid Chilodon, 
MacDougall (2). 

Connective tissue, formation of ground 
substance, Iasswoin (2). 

Conus arteriosus in fish, Parsons (2). 
Copromonas, Golgi apparatus, 
Gatenby (30). 

— subtilis, identification, Gatenby(3i). 
Corals; histology, Matthai. 

Corpus allatum of Rhodnius, Wiggles- 
worth (6). 

— luteum, Fell (2). 

Cory nodes pusis, embryology, Pater- 
son (1). 

Couch, J. N, The Biological Relation- 
ship between Septobasidium reti- 
forme (B and C) Pat. and Aspi- 
diotus osborni, New and Ckll., 74, 
383-438, pis. 15 - 19 - 
Cowley, L. F. See Grove (3, 4). 

Cranial characters ; Cacostemum, and 
Phrynomerus de Villiers (1, 2). 

Craniata, proboscis pores, Goodrich (1). 
Crew, F. A. E., and Fell, H. B. The 
Nature of certain Ovum-like Bodies 
found in the Seminiferous Tubules, 
66, 557-78, pis. 18-23. 

Crossaster, development, Gemmill (2). 
Crossopriza, oogenesis, Nath (4). 
Crucimymphia n.g. polymastigote 
flagellate, Kirby (4). 

Crustacea; Argulus, embryology 
Pyatakov. 

— Innervation of heart. I. Decapod, II. 
Stomatopoda, Alexandrowicz (1, 2). 

— oogenesis, Bhatia. 

— spermatid and sperm of Crab, Nath 
(9), Spalding. 

— TTpogebia, Tucker. 

— See also Cirripedia, Gammarus, Iso- 
poda, Neomysia, Cladocera. 

Cryptochaetum grandicorne (Di- 
ptera), parasite of a Coccid, Thorpe. 
Cryptococpus gammari, a patho- 
genic yeast, Pixell Goodrich (4). 
Cryptocotyle lingua, Gametogene- 
sis ft germinal development in larva, 
Cable (1,2). 


Crystalline style in Gastropods, Mackin- 
tosh. 

Cucumaria ; development, Ohshima (1). 

— gregarines, Pixell Goodrich (5). 

Culex; fertilization, Taylor (1). 

— egg-follicle, Nath (1). 

Cuticle, Rhodnius, Wigglesworth (4). 
Cutler, D. Ward, (i) Observations on 
the Protozoa Parasitic in the Hind Gut 
of Archotermopsis wroughtoni, 
Desn. Part I. Ditrichomonas 
(Trichomonas) termitis, Imms, 
63, 555“88, pis. 31-3. 

— (2) Part II. Joenopsis polytricha, 
n.gen., n.sp., with Brief Notes on Two 
New Species, J. cephalotricha and 
Microjoenia axostylis, 64, 383- 
91, pis. 18-21. 

— (3) Observations on the Protozoa para- 
sitic in Archotermopsis wrough- 
toni Desn. Part III. Pseudo-tricho- 
nympha pristina, 65, 247-64, pi. 
10. 

Cyclostomata; Bdellostoma eggs and 
embryos, Gilchrist (2). 

— Petromyzon hypophysis, de Beer 

(2). 

and Myxina supposed pancreatic 

organs, Barrington (3). 

— Spinal nerves of Myxinoidea, Good- 
rich (17). 

Cytology; technique, Gatenby (12, 13), 
Baker (2), Gaims (gold chloride), 
Strange ways, Carleton (1--5), Lim (1). 

— A. proteus, Singh (2). 

— Cell-division and surface tension, 
Gray, 66, 235. 

— Dissociation of cells, Goodrich (18). 

gonads of Calotes, Simkins. 

harderian gland of rat, Duthie. 

irradiated root-tips, Patton (2). 

meiosis, Calandra, Gunson. 

mollusca, Gatenby (26). 

nerve-endings, Gaims. 

neurons of Cephalopods, Young 

4)* >r 

oocyte of mouse, centrifuged, 

Gresson (6, 10). 

Periplaneta, mid-gut and hepa- 
tic caeca, Gresson (7). 

sponges, Webb. 

uterine glands, human, Aykroyd. 

r — Vertebrate intestinal epithelium, 
Baker (2). v 



Index to Volumes 62-87 


Cytology ; See also Golgi element, 
Oogenesis, Spermatogenesis, Tissue- 
culture, Ultra-centrifuge. 

Cytoplasmic inclusions : flagellates, 
Smyth (2). 

— germ-cells, Gatenby(3,5, 8-12, 14, 15). 

— mouse egg, Gresson (6, 10, 11). 

— plant-cells, Patten (1). 

— snake eggs, Lai. 

Da Fano, C. On Golgi’s Internal 
Apparatus in Spontaneously Absorbing 
Tumour Cells, 67, 369-80, pis. 19, 20. 
Dakin, W. J. (i) The Eye of Peripatus, 
65 > 163-72, pi. 7- 

— (2) The Infra-cerebral Organs of 
Peripatus, 66, 409 -18. 

Daniels, M. L. A Cytological Study of 
the Gregarine Parasites of Ten e brio 
mol i tor, using the Ultra-centrifuge, 
80, 293-320, pi. 28. 

Das, G. M. The Musculature of the 
Mouth-parts of Insect Larvae, 80, 
39-80, pis. 1-12. 

Dasyneura leguminicola, female 
genital system, Metcalfe, 76, 89. 

Davies, S. The Development of the 
Adrenal Gland of the Cat, 80, 81-98, 
pi. 13. 

Davies, W. M. On the Tracheal System 
of Collembola, with Special Reference 
to that of Sminthurus viridis, 
Lubb., 71, 15-30. 

Dawes, B. The Histology of the Ali- 
mentary Tract of the Plaice (PI euro - 
nectes platessa), 73, 243 -74. 

Day, J. H. The Life-history of Sac- 
culina, 77,549-84. 

Deanesley, R. (i) The Structure and 
Development of the Thymus in Fish, 
with Special Reference to Salmo 
fario, 71, 113-46, pis. 12-16. 

— (2) Experimental Studies on the 
Histology of the Mammalian Thymus, 
72, 247-76, pis. 6-12. 

Dedifferentiation, Perophora, Huxley (3). 

— resorption and inhibition in Obelia 
and Campanularia, Huxley (4). 

— and reduction in Aurelia, de Beer (8). 
Dendy, A. On the Origin, Growth, and 

Arrangement of Sponge-spicules : A 
Study in Symbiosis, 70, 1-74, pis. 1-3. 
Denticles in fossil Actinopterygii, Good- 
rich (19). See also Teeth. 


Dermaptera; development of genitalia, 

Nel. 

Dialeurodes dissimilis, respiratory 
system development, Roonwal. 
Didelphys, development, Hill (1). 
Diestrammena (Cricket) spermato- 
genesis, Wu. 

Digestion, Glossobalanus, Barrington (2). 
Diplocystis, chromosome cycle, Jame- 
son. 

Diplodinium, revision, Wertheim. 
Dipnoi; Lepidosiren and Protopterus, 
spleen development, Purser (1). 

— Ceratodus, development, Edge- 
worth. 

Diptera; Anopheles, ovary, Nicholson. 

— Culex, fertilization, Taylor (1); egg 
follicle, Nath (1). 

— Dasyneura, genital system, Met- 
calfe (3). 

— Drosophila, Eastham (1). 

— larval excretion, Keilin (2). 

— Mosquitoes, peritrophic membrane, 
Wiggles Worth (1). 

— parasitic, Cryptochaetum (Coccid) 
Thorpe. 

Phytophaga (Wheat), Metcalfe 

( 4 ). 

— Ptilinum of Blow-fly, Laing. 

— Stegomyia, mitosis, Carter, 63,375. 
Dissociation of cells, Goodrich (18). 
Dobell, C. On Oxnerella maritima, 

nov.gen., nov.spec., a New Heliozoon 
and its Method of Division ; with some 
Remarks on the Centroplast of the 
Heliozoa, 62, 515-38, pi. 27. 

Dodson, M. E. Development of the 
Female Genital Ducts in Trichoptera, 
77, 383-404. 

Dogiel, V. A. (1) On Sexual Differen- 
tiation in the Infusoria, 67. 219-32, 
pL 17 ’ 

— (2) On the Influence of the Macro- 
nucleus on the Formation of New 
Morphological Characters in Infusoria, 
69, 611-18. 

Donacia egg parasitized by Tricho- 
gramma, Gatenby (1). 

Doncaster, L. (i), and Cannon, H. G. 
On the Spermatogenesis of the Louse 
(Pediculus corporis and P. capi- 
tis), with Some Observations on the 
Maturation of the Egg, 64, 303-28, 
pi. 16. 
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Doncaster, L. (2) Further Observations 
on Chromosomes : Sex-determination in 
Abraxas grossulariata, 66, 397-408. 
Dorsal organ of Collembolan embryos, 
Tiegs (4). 

Drosophila, malpighian tubules, East- 
ham (1). 

Drummond, F. H. The Male Meiotic 
Phase in Five Species of Marsupials, 
76, 1-12, pis. 1, 2. 

Drummond, Mabel. The Germinal 
Layers concerned in the Formation of 
the Alimentary Canal and Malpighian 
Tubules of Ephestia, Klihniella 
* (Lepidoptera), 78, 533~42, pis. 28, 29. 
Dunkerly, J. S. The Development and 
Relationships of the Myxosporidia, 69, 
185-216,. pis. 10-15. 

Duthie, E. S. Studies on the Cytology 
of the Harderian Gland of the Rat, 76, 
549-58. 

Dystiscus; golgi bodies during ami- 
tosis, Ludford (1). 


Earthworms; Indian, Bahl (1-17). 

— circulation, Bahl (2). 

— enteronephric nephridia, Bahl (3-5). 

— glands, Keilin (1), Stephensdn, 62, 253. 

— reproduction, Bahl (6); biochemistry, 
Bahl (17). 

Eastham, L. (i) Peristalsis in the Mal- 
pighian Tubules of Diptera. Preliminary 
Account with a Note on the Elimination 
of Calcium Carbonate from the Mal- 
pighian Tubules of D r o s o p h i 1 a f u n e - 
bris, 69, 385-98, pi. 34. 

— (2) Contribution to the Embryology 

of Pieris rapae, 71, 353~94> 34“6. 

Ebling, F. J. Formation and Nature of 
the Opercular chaetae of Sabellaria 
alveolata, 85, 153-76. 

Ecdysis in Rhodnius, Wigglesworth 
(4, 5)- 

— in a teleost, Gilchrist (5). 

Echfdba (Tachyglossus), ovum, 

Flynn (2). 

Echinodermata; Astropecten develop- 
ment and duplicity of larvae, Newth 


(3)- 

— Crossaster, development, Gemmill (2). 

— Echinocardium, development, Mac- 
Bride (1). 

— Echinoid larvae, MacBride (2), Oh- 
shima (2, 3). 


Echinodermata ; egg changes during 
cleavage, Pelluet. 

— See also Holothuroidea, Ophiuroidea. 
Edgeworth, F. H. On the Develop- 
ment of the Hypobranchial, Branchial, 
and Laryngeal Muscles of Ceratodus. 
With a Note on the Development of 
the Quadrate and Epihyal, 67, 325-68. 

Egg; Bdellostoma, Gilchrist (2). 

— Culex, Nath (1). 

— Donacia, parasitized by Triehogram- 
ma, Gatenby (1). 

— Frog, Meek (2). 

— Hen, Marza (1, 2). 

— Lepidosiren, Miller. 

— Rhodnius, Beamont. 

— Snake, Lai. 

— See also Ovum. 

Eisenia, the Brandling Worm, Grove 

(2-4). . . 

Elasmobranchii, Lipin secretion in In- 
terrenal, Fraser, 73, 121. See also 
Selachii. 

Eleutheria, a crawling Medusa, Gil- 
christ (4). 

Ellery, M. E. W. See Altmann. 
Embryology and development; Alcyo- 
nium, Matthews. 

— Amphibola, Famie. 

— Bolocera (Anemone), Gemmill (4). 

— Caransius (Stick-insect), Thomas, 78, 
487. 

— Cat, Adrenal gland, Davies, 8o, 81. 

— Cephalodiscus, Gilchrist (1). 

— Cephalothrix, Nematina, Smith, 77, 

335* , rr, 1 

— Chick, temperature gradient, Tazelaar. 

— Cryptocotyle, Trematoda Cable (1,2). 

— Hanseniella (Myriopod), Tiegs (3-6). 

— Hydra, nerves in bud, McConnell. 

— Peripatus,’Glen. 

— Physeter (whale) teeth, Beddard. 

— Scorpion, Pavlovsky (2, 3). 

— Spadella, John. 

— Sponges, Webb. 

— Tubular ia, Lowe. 

— See also under Amphibia, Amphioxus, 
Crustacea, Echindderma, Insecta, Mar- 
supialia, Mouse, Oligochaeta, Pisces, 
Polychaeta. 

Enamel; structure and development in 
mammals, Jasswoin (1). 

— organ of Hake, Carter, 63, 387. 
Engystomatidae, Rao (1). 
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Enteronephric system in earthworms, 
Bahl (1, 3-5, 8). 

Enteropneusta ; metamerism, van der 
Horst (1). 

— nervous system, Bullock. 

— See also Glossobalanus, Planeto- 
sphaera and Xepopleura. 

Eosin and methylene-blue, Lim (i). 
Ephestia, alimentary canal, Drummond, 
,78. 533- 

Epistellar body of Cephalopods, Young 
(4). 

Epithelial cell, free border of, Vertebrate 
intestine, Baker (2). 

: Certain Invertebrate mid-guts, 

Newell. 

Euglena, Golgi apparatus, Gatenby 
(3°)- 

Euplotes, neuromotor system, Ham- 
mond. 

Eutyphoeus, copulation, Bahl (6). 

— hepato-pancreatic glands, Bahl (7). 
Evans, T. J. Calma glaucoides: A 

study in Adaptation, 66, 439-56, pi. 11. 
Ewer, D. W. The Blood Systems of 
Sabella and Spirographis, 82, 
587-620. 

Excretion, physiology of, in Indian 
Earthworms, Bahl (10, 15, 17). 
Excretory organs, Asellus, Needham 
(4). See also Nephridia. 

Eye, Peripatus, Dakin. 

— Proteus, Hawes. 

Farnie, W. C. The Development of 
Amphibola crenata (Martyn), 68, 
453-70. 

Faulkner, G. H. The Early Prophases 
of the First Oocyte Division as seen in 
Life, in Obelia geniculata, 73, 
225-42. 

Feeding and Digestion, Glossoba- 
lanus, Barrington (2) . 

Felis domestica; development, Hill 
(3). 

Fell, H. B. (i) See Crew, 66, 557. 

— (2) Histological Studies on the 
Gonads of the Fowl. III. The Relation- 
ship of the ‘Luteal’ Cells of the Ovary 
of the Fowl to the Tissue occupying 
the Atretic and Discharged Follicles, 
and the Question of the Homology of 
the Latter Tissue and the Mammalian 
Corpus Luteum, 69, 591-610, pi. 48. 


Fell, H. B. (3) The Direct Development 
of a New Zealand Ophiuroid, 82, 377- 
442, pis. 20-2. 

— (4) and Jacobson, W. The Develop- 
mental Mechanics and Potencies of the 
Undifferentiated Mesenchyme of the 
Mandible, 82, 563-86, pis. 27-31. 

Ferments; digestive, in Apis, Pavlovsky 
(4). 

Fernando, W. (i) The Development 
and Homologies of the Mouth-parts of 
the Head-louse, 76, 231-42. 

— (2) The Early Embryology of a Vivi- 
parous Psocid, 77, 99-120. 

Fertilization; artificial and normal, Gray, 
66 , 419. 

— Culex, Taylor (1). 

— cytoplasmic components in Ascaris, 
Collier. 

— mouse ovum, Gresson (11). 

Fission in Phoronopsis, Gilchrist (3). 
Flagellata, osmiophil material, Smyth 

(2, 3). See also Mastigophora. 

Flynn, T. T. (i) The Yolk-Sac and 
Allantoic Placenta in Perameles, 67. 
123 82, pis. 9-1 1. 

— (2) On the Unsegmented Ov-um of 
Echidna (Tachyglossus), 74, 119- 
32, pi. 3- 

Foaina, polymastigote flagellates, Kirby 
(4). 

Foettingeria parasitic in Anemones, de 
Morgan. 

Fossil Actinopterygii denticles, Goodrich 
(i9)- 

— Stromatoporoids, systematic position, 
Hickson (2). 

Fraser, A. H. H. Lipin Secretion in the 
Elasmobranch Interrenal, 73, 121-34, 
pis. 7, 8. 

Fraser, E. A. (1) Observations on the 
Development of the Pronephros of the 
Sturgeon, Acipenser rubicundus, 
71, 75-112, pis. 10, 11. 

— (2) assisted by Renton, Rachel. 
Observations on the Breeding and 
Development of the Viviparous Fish 
Heterandria formosa, 81,479-520, 
pis. 26-9. 

Frew, P., and Bowen, R. H. Nucleolar 
Behaviour in the Mitosis of Plant-cells, 
73, 197-214, pi. 11. 

Friend, G. F. The Sperms of the 
British Muridae, 78, 419-43. 
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Frog; ‘Segmentation cavity* of egg, 
Meek (2). 

— See Anura. 

Fulton, J. F. Animal Chlorophyll: its 
Relation to Haemoglobin and to other 
Animal Pigments, 66, 339-96. 

Fupgoid diseases of Gammarus, Pixell 
Goodrich (4). 

Fyfe, M. L. The Reproductive System 
of the Planarian Artioposthia tri- 
angulata (Dendy), 80, 99-126, pis. 14- 
16. 

Gadus, tail, Barrington (1). 

GAiftNs, F. W. A Modified Gold 
Chloride Method for the Demonstra- 
tion of Nerve-endings, 74, 15 1-4, 

pis. 7, 8. 

Gallus; origin of germ-cells, Gatenby 
(r8), Woodger (2). 

— pecten eye, ' Mann, 68. 

— gonads, Fell (2). 

Gametogenesis ; Cryptocotyle, Cable 

(1)- 

— Goniodes (poux), Perrot. 

— Limnoea, Gatenby (10). 

— Ornithorhynchus, idem (16, 19). 

— Saccocirrus, idem (15). 

— sponges, idem (23). 

Gammarus ; blue ciliate from moult, 
Percy. 

— Lagenophrys on marine, Willis. 

— reactions to disease, Pixell Goodrich 

( 4 ). 

— Spermatogenesis, Palmer. 

Gardiner, Mary S. The Origin and 

Nature of the Nucleolus, 77, 523-48, 

, p. 28. 

Garstang, Sylvia L., and Garstang, 
W. On the Development of Botryl- 
loides, and its bearings on some Mor- 
phological Problems, 72, 1-50, pis. 1-3. 

Garstang, W. (i) See Garstang, S. L. 

— (2) The Morphology of the Tunica ta, 
and its bearings on the Phylogeny of 
the Chordata, 72, 51-187. 

— (3) Spolia Bermudiana. Part I. On 
a remarkable new type of Auricularia 
larva (Auricularia bermudensis 
n.sp.), 81, 321-46; Part II. The ciliary 
feeding mechanism of Tomaria, 8x, 
347-66. 

— (4) The Morphology and Relations of 
the Siphonophora, 87, 103-93. 


Gasterosteus, vitellogenesis, Singh, 

8x, 83. 

Gastropoda ; Amphibola, development* 
Famie. 

— Atlantidae, Yonge (4). 

— Calma, Evans. 

— crystalline style, Mackintosh. 

— cytology, Gatenby (5, 8-10, 27, 28). 

— effects of parasitism upon tissues, 
Agersborg (2). 

— Melibe (Nudibranch), Agersborg (1). 

— Milax, pedal gland, Barr. 

— Paludestrina, Robson. 

— See also Helix. 

Gatenby, J. B. (i) Embryonic Develop- 
ment of Trichogramma evane- 
scens, Westw., Monembryonic Egg 
Parasite of Donacia simplex, Fab., 62, 
149-87, pis. IO-I2. 

— Note on above, 62, 613. 

— (2) Note on the Sex of a Tadpole 
raised by Artificial Parthenogenesis, 
62, 213-19. 

— (3) The Cytoplasmic Inclusions of the 
Germ-cells. Part I. Lepidoptera, 62, 
407- 63, pis. 23-5. 

— (4) The Degenerate (Apyrene) Sperm- 
formation of Moths as an Index to the 
Inter-relationship of the Various Bodies 
of the Spermatozoon, 62, 465-88,4)!. 26. 

— (5) The Cytoplasmic Inclusions of the 
Germ-cells. Part II. Helix aspersa, 

62, 555-6i 1, pis. 29-34. 

— (6) The Segregation of the Germ- 
cells in Trichogramma evanescens, 

63, 161-74, pl. 13- 

— (7) Polyembryony in Parasitic Hy- 
menoptera: A .Review, 63, 175-96, 
pis. 14, 15. 

— (8) The Cytoplasmic Inclusions of the 
Germ-cells. Part III. The Spermato- 
genesis of some other Pulmonates, 63, 
197, pis. 16-18. 

— (9) Part IV. Notes on the Dimorphic 
Spermatozoa of Paludina and the Giant 
Germ-nurse Cells of Testacella and 
Helix, 63, 401-43, pis. 25, 26. 

— (10) Part V. The Gametogenesis and 
Early Development of Limnaea 
stagnalis L., with special reference to 
the Golgi Apparatus and the Mito- 
chrondria, 63, 445-91, pis. 27, 28. 

— ( 1 1*) Part VI. On the Origin and 
Probable Constitution of the Germ-cell 
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Determinant of Apanteles glomera- 
te 3, with a Note on the Secondary 
Nuclei, 64, i33“53, pis. 9, 10. 
Gatenby, J. B. (12) Part VII. The 
Modem Technique of Cytology, 64, 
267-301. 

— (13) Lee’s Microtomist’s Vade- 
Mecum, eighth edition (review), 65, 
699. 

— (14) and W00DGER, J. H. The Cyto- 
plasmic Inclusions of the Germ-cells. 
IX. On the Origin of the Golgi Appara- 
tus on the Middle-piece of the Ripe 
Sperm of Cavia and the Development 
of the Acrosome, 65, 265-92, pis. 11, 
12. 

— (15) The Cytoplasmic Inclusions of 
the Germ-cells. Part X. The Gameto- 
genesis of Saccocirrus, 66, 1-48, pis. 
1-4. 

— (16) Some Notes on the Gameto- 
genesis of Ornithorhynchus para- 
doxus, 66, 475-500, pis. 12-14. 

— (17) See King (1). 

— (18) The Transition of Peritoneal 
Epithelial Cells into Germ-cells in 
Gallus bankiva, 68, 1-16, pi. 1. 

— (19) and Hill, J. P., On an Ovum of 
Ornithorhynchus exhibiting Polar Bodies 
and Polyspermy, 68, 229-38, pi. io. 

— (20) A Reinvestigation of the Sperma- 
togenesis of Peripatus, 69, 629-42, pi. 
50. 

— (21) See King (5). 

— (22) and Nath, V. The Oogenesis of 
certain Invertebrata, with Special Refer- 
ence to Lumbricus, 70, 371-90, pi. 24. 

— (23) Further Notes on the Gameto- 
genesis and Fertilization of Sponges, 71, 

1 73-88/ pis. 19-21. 

— (24) See Patten (1). 

— (25) and Mukerji, R. N. Spermato- 
genesis of Lepisma domestica, 73, 
1-6, pi. 1. 

— (26) and Hill, J. C. Improved 
Technique for Non-aseptic Tissue Cul- 
ture of Helix aspersa, with Notes on 
Molluscan Cytology, 76, 331-52, pis. 

19-22- 

— (27) Hill, Joyce C., and Mac- 
dougald, T. J. On the Behaviour and 
Structure of Cells of Helix aspersa 
in Aseptic and Non-aseptic Tissue 
Culture, 77, 129-56, pis. 7-8. 


Gatenby, J. B. (28) and Beams, H. W. 
The Cytoplasmic Inclusions in the Sper- 
matogenesis of Man, 78, 1-30, pis. 1-4. 

— (29) See Beams (1). 

— (30) and Singh, B. N. The Golgi 
Apparatus of Copromonas subtilis 
and Euglena sp., 80,567-91, pis. 46-8. 

— (31) and Smyth, J. D. The Golgi 
Apparatus and Pyrenoidsr of Chilo- 
monas paramecium, with Remarks 
on the Identification of Copromonas 
subtilis, 81, 595-617, pis. 36, 37. 

— (32) See Aykroyd, 82, 541. 

Gecko (Hemidactylus) ; caudal autotomy 
and regeneration, Woodland (1). 

— (Hoplodactylus), ovary, Boyd. 
Gemmill, J. F. (i) Rhythmic Pulsation 

in the Madreporic Vesicle of Young 
Ophiuroids, 63, 537-40. 

— (2) The Development of the Starfish 
Crossaster papposus, Muller and 
Troschel, 64. 155-89, pl. 10. 

— (3) The Life-history of Melicerti- 
dium octocostatum (Sars), a Lepto- 
medusan with a Theca-less Hydroid 
Stage, 65, 339-48, pl. 16. 

— (4) The Development of the St a Ane- 
mone Bolocera tuediae (Johnst.), 
65, 577-88, pl. 22. 

Genital Ducts and Nephridia, Goodrich 
(20). 

Genitalia; Homoptera' and Zygoptera, 
George (1). 

— development in Insects, Nel. 

— development in male Lepidoptera, 
Mehta (2). 

— structure and development in female 
Dasyneura, Metcalfe (3). 

George, C. J. The Morphology and De- 
velopment of the Genitalia and Genital 
Ducts of Homoptera and Zygoptera as 
shown in the Life Histories of Philaenus 
and Agrion, 72, 447-86, pis. 27-9. 
George, W. C. A Comparative Study of 
the Blood of the Tunicates, 81, 391-428, 
pis. 22-4. 

Germ-cell; cycle in Phytophaga, 
Metcalfe (3, 4). 

— cytoplasmic inclusions, Gatenby (3, 5, 
8-10, 14, 15). 

— determinant, Apanteles, idem(n). 

— origin in Gallus, Gatenby (18), 
Woodger (2). 

in Sphenodon, Tribe (2). 
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Gilchrist, J. D. F. •(*) Development of 
the Cape Cephalodiscus (C. Gil- 
christi, Ridewood), 6a, J89-211, pis.' 
13, 14- 

— (2) Note on Eggs and Embryos of 
the South African Myxinoid, Bdello- 
stoma (Heptatretus) hexatrena, 
MU11., 63, Hi-59, pis- 10-12* 

— (3) Reproduction by Transverse Fis- 
sion in Phoronopsis, 63, 493“5°7, pi- 

29. 

— (4) On a Species of the Crawling 
Medusa, Eleutheria, from the Cape of 
Good Hope (Cnidonema capensis, 
g. et sp.n., and the Southern Eleu- 
theriae, 63, 509-29, pi. 30. 

- — (5) Planktothuria diaphana, gen. 
et sp.n. 64, 373-82. 

— (6) Ecdysis in a Teleostean Fish, 
Agriopus, 64, 575-87* 

— (7) Xenopleura vivipara, g. et 

sp.n. (Enteropneusta), 69, 555-7°, 

pis. 42, 43- 

Gill filaments, Lamellibranch, Atkins 
(3-9)- 

Glands; adrenal of cat, Davies, 80, 81. 

— club-shaped of Amphioxus, Good- 
rich (10). 

— dermal, Wigglesworth (4). 

— golgi element in, Bowen (2-5). 

— harderian, of rat, Duthie. 

— hepato-pancreatic, Eutyphoeus, 
Bahl (6). 

— labral, Cannon. 

— pedal, in Milax, Barr (I). 

— prostate in Microdrili, Mehra (2). 

— rectal, Wigglesworth (3). 

— skin, in Arion, Barr (2); lipoid 
secretions, Bowen (3). 

— uterine, human, Aykroyd. 

— wax, of coccid, Pollister, 80, 127. 
Glasgow, J. P. Internal Anatomy of a 

Caddis (Hydropsyche colonica), 
79, 151-80, pis. 7-9. 

Glen, E. H. A Revision of Certain 
Points in the Early Development of 
Peripatus capensis, 63, 283-92, 
pi. 20. 

Glossobalanus minutus, feeding 
and digestion, Barrington (2). 

— marginatus, n.sp., Meek (1). 

Golgi element; 

— amphibian thyroid, Uhlenhuth. 

tissues, Pollister, 81, 235. 


Golgi element ; Branchiostoma endostyle, 
Subramaniam. 

— Cat Kidney, MacManus. 

— Cavia, Gatenby (14). 

— Coccidia, King (1). 

— Dytiscus, Ludford (1). 

— Earthworms, Nath (7). 

— Erythrocytes, ' Sauropsida, Bhatt- 
charya. 

— Flagellates, Smyth (1-3), Gatenby 
(30, 3i)- 

— Germ-cells Fowl, Woodger (2). 

— Gland-cells, Bowen (2-5). 

— Limnaea, Gatenby (10). 

— Neurones, Rau. 

— Opalina, King (5). 

— structure and composition of, Baker 
(3)- 

— in tumour cells, Da Fano. 

during keratinization, Ludford (2). 

Gonads ; Calotes, Simkins. 

— Fowl, Fell (2). 

G on i odes, gametogenesis, Perrot. 
Gonospora minchinii, n.sp. Gre- 
garine in Arenicola egg, Goodrich (5). 
Goodrich, E. S. (i) ‘Proboscis pores’ in 
Craniate Vertebrates, a Suggestion con- 
cerning the Premandibular Somites and 
Hypophysis, 62, 539-53, P 1 * 28. 

— (2) On the Development of the Seg- 
ments of the Head in Scyllium, 63, 
1-30, pis. 1, a. 

— (3) The Pseudopodia of the Leuco- 
cytes of Invertebrates, 64, 19-26, pis. 
1,2. 

— (4) Review of Text-Book of Em- 
bryology, Vol. II., Vertebrata, with the 
exception of Mammalia by J. Graham 
Kerr, 64, 121-32. 

— (5) and Pixell Goodrich, H. L. M. 
Gonospora minchinii, n.sp., a 
Gregarine inhabiting the egg of Areni- 
cola, 65, 157-62, pis. 5, 6. 

— (6) The Blastocoelic and Enteric 
Cavities in the Amphibia, 69* 745. 

— (7) On a New Hermaphrodite Syllid, 
73» 651-^6. 

— (8) Notes on Protodrilus, 74, 
303-20. 

— (9) Scientific Work of E. R. Lan- 
kester, 74, 363-82. 

— (10) The Development of the Club- 
shaped Gland in Amphioxus, 74> 
155-64, and 361. 
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Goodrich, E. S. (i i) On the Nephridio- 
stome of Lumbricus, 75^ 165-79, 
pis." 11, 12. 

— (12) The Nephridia of Asymmetron 
and Branchiostoma compared, 75, 
723-34- 

— (13) Notes on Odontosyllis, 76, 
319-30. 

— (14) The Early Development of the 
Nephridia in Amphioxus: Introduc- 
tion and Part I, Hatschek’s Nephridium, 

76. 499-510. pis. 29. 30. 

— (1 5) The Early Development of the 
Nephridia in Amphioxus: Part II, The 
Paired Nephridia, 76, 655, pis. 37-40. 

— (16) Mouth and Anus, 77, 659-61. 

— (17) On the Spinal Nerves of the 
Myxinoidea, 80, 153-8. 

— (18) A New Method of Dissociating 
Cells, 83, 245-58. 

— (19) Denticles in fossil Actinoptery- 
gii. 83,459-64. 

— (20) The Study of Nephridia and 
Genital Ducts since 1895, 86, Pts. II to 
IV, 113-392. 

Goodrich, E. S. Biography, Hardy, 87, 
317. 

— See also Pixell Goodrich. 

Gorvett, H. The Tegumental Glands 

in the Land Isopoda. A. The Rosette 
Glands, 87. 209-35. 

Grasshopper, ovum, Slifer (1). 

— water-absorbing area, Slifer (2). 

Gray, J. (i) The Effects of Ions upon 

Ciliary Movement, 64, 345-71. 

— (2) Surface Tension and Cell-Division 
66, 235-46. 

— (3) A Critical Study of the Facts of 
Artificial Fertilization and Normal 
Fertilization, 66, 419-38. 

Gray, P. (i) The Internal Anatomy of 
Lernaeopoda scyllicola Leigh 
Sharp. Part I. The Female, 72, 478- 
510. 

— (2) The Development of the Am- 
phibian Kidney. Part I. The Develop- 
ment of the Mesonephros of Rana 
temporaria, 73, 507-46, pis. 27-31. 

— (3) The Development of the Am- 
phibian Kidney. Part II. The Develop- 
ment of the Kidney of Triton vul- 
garis and a comparison of this form 
with Rana temporaria, 75, 425-66, 
pis. 22-6. 


Gray, P. (4) The Development of the 
Amphibian Kidney. Part III. The Post- 
Metamorphic Development of the Kid- 
ney, and the Development of the Vasa 
Efferentia and Seminal Vesicles in 
Rana temporaria, 78, 445-85, pis. 
20-3. 

Greenshields, F. See Peacock (2). 

Greenwood, A. W. Marsupial Sper- 
matogenesis, 67* 203-18, pis. 15, 16. 

Gregarinae (Chiridota, Cucumaria, and 
Centipedes), Pixell Goodrich (3, 5, 6). 

— cytology (Tenebrio), Daniels, 
Monocystis, Homung. 

— Diplocystis (Periplaneta), Jame- 
son. 

— Gonospora (Arenicola egg), ‘Good- 
rich (5). 

— (marine worms), Mackinnon (5, 6). 

— Stomatophora (Oligochaetes), Bhatia, 
68, 481. 

Gresson, R. A. R. (i) See Peacock (1). 

— (2) Nucleolar Phenomena during 
Oogenesis in certain Tenthredinidae, 

73. 177-98, pi. 10. 

— (3) Yolk-formation in certain Ten- 
thredinidae, 73, 345-64, pis. 14, 15. 

— (4) Certain Phenomena of Tenthre- 
dinid Oogenesis as revealed mainly by 
Feulgen’s Nuclear-Reaction, 73, 617- 
32, pi. 37- 

— (5) Yolk-formation in Periplaneta 
orientalis, 74, 257-74, pis. 12, 13. 

— (6) The Study of the Cytoplasmic 
Inclusions and Nucleolar Phenomena 
during the Oogenesis of the Mouse, 75, 
697-722, pis. 39, 40. 

— (7) The Cytology of the Mid-gut and 
Hepatic Caeca of Periplaneta orien- 
talis, 77, 317-34, pis. 19, 20. 

— (8) The Spermatogenesis of Steno- 
phylax stellatus, Curt. (Tricho- 
ptera), 78, 311-27, pis. 12, 13. 

— (9) Studies on the Cultivation of 
Pieces of the Mantle of Modiolus 
modiolus, 79, 659-78, pis. 29, 30. 

— (10) A Cytological Study of the 
Centrifuged Oocyte of the Mouse, 81, 
569-84, pis. 34-5. 

— (11) A Study of the Cytoplasmic 
Inclusions during Maturation, Fertiliza- 
tion, and the First Cleavage Division of 
the Egg of the Mouse, 83, 35-60, pis. 
9-10. 
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Gross, F. Cleavage of Blastomeres in 
the absence of Nuclei, 79, 57-72, pi. 1. 
Grove, A. J. (i) On the Reproductive 
Processes of the Earthworm, L u m b r i - 
cus terrestris, 69, 245-90, pis. 16 
and 17. 

— (2) The Passage of the Spermatozoa 
into the Cocoon in Eisenia, 71, 465- 
78. 

— (3) and Cowley, L. F. (i) On the 
Reproductive Processes of the Brandling 
Worm, Eisenia foetida (Sav.), 70, 
559-82, pi. 30. 

— (4) and — (2) The Relation of the 
Glandular Elements of the Clitellum of 
the Brandling Worm, Eisenia, foe- 
tida XSav.), to the Secretion of the 
Cocoon, 71, 31-46, pi. 6. 

— (5) The Structure of the Clitellum of 
Alma emini, Mich., 74, 223-34. 

Guerinia (Coccidae) parasitized by 
Cryptochaetiim (Diptera), Thorpe. 
Gunson, Mary M. The Meiotic Phase 
of Calandra oryzae, 85, 107-16, 
pl- 3* 

Guyenotic sphaerulosa N.gen. ; n. 
sp. of Actinomyxidia, Naville. 

Gyge branchialis; parasitic on Upo- 
gebia, Tucker. 

Gypsina plana, Hickson (2). 

Haemoglobin, Fulton. 

* Haemulidae, Melaniridosomes in healing 
wounds, Smith, 76, 647. 

Haines, R. W. (i) Epiphysial Growth 
the Branchi&i Skeleton of Fishes, 77 9 
77-98. 

— (2) The Posterior End of Meckel’s 
Cartilage and Related Ossifications in 
Bony Fishes, 80/ 1-38. 

Hake, enamel organ, Carter, 63, 387. 
Hammond, D. M. The Neuromotor 
System of Euplotes patella during 
Binary Fission, and Conjugation, 79, 
507-57* Pis- 21, 22. 

Ilansenielia, embryology and affini- 
ties, Tiegs (3, 6). 

Haplosporidium chitonis, cytology, 
King (2). 

Harderian gland of rat, Duthie. 

Hardy, A. C. Obituary notice of Edwin 
Stephen Goodrich, 87, 317-55. 

Harmer, S. F. On Phoronis ovalis, 

, Strethill Wright, 62, 115-48, pis. 7-9. 


Harvey, L. A. (1) On the Relation of 
the Mitochondria and Golgi Apparatus 
to Yolk-formation in the Egg-ceHs of 
the Common Earthworm, Lumbricus 
terrestris, 69, 291-316, pis. 18 and 
19- 

— (2) The Oogenesis of Lumbricus; 
a Re-statement, 74, 235-56, pl. 11. 

Has well, W. A. Proboscis of the 
Syllidea, Part I. Structure, 65, 323-38, 
pl.,15* 

Haughton, Isabel. Note on the Amoe- 
boid Elements in the Blood of Helix 
aspersa, 77, 157-66, pis. 9-10. 
Haviland, M. D. (i) “Bionomics and 
Development of Lygocerus testacei- 
manus, Kieffer, and Lygocerus 
cameroni, Kieffer (Proctotrypoidea- 
Ceraphronidae) parasites of Aphidius 
(Braconidae), 65, 101-28. 

— (2) Bionomics and Post-embryonic 
Development of Certain Cynipid Hyper- 
parasites of Aphides, 65, 451-78. 

— (3) On the Post-embryonic Develop- 
ment of Certain Chalcids, Hyper- 
parasites of Aphides, with Remarks on 
the Bionomics of Hymenopterous Para- 
sites in General, 66, 322-38. 

Hawes, R. S. On the Eyes and Reaction 
to Light of Proteus anguinus, 86, 
1-54, pl. 1. 

Hayes, C. (i) An Account of Amoeba 
disco ides; its Culture and Life- 
history, 80, 459-78, pis. 3 1,, 32. 

— (2) See Taylor (5). 

— (3) Further Observations on Amoeba 
discoides, 87, 195-201. 

Haynes, F. See Carleton (4). 

Head ; Ascaphus a liopelmid frog, Pusey 
(2). 

— plan, Kingsbury. 

— Vertebrates, de Beer (1, 5, 6, 10-14). 

— Xenopus, Paterson (2). 

Head segments in Heterodontus and 
Amia, de Beer (4). 

-in Rana and Ascalphus, Pusey 

(i, 2). 

in Scyllium, Goodrich (2). 

in Squalus acanthias, de Beer 

(1). 

Heart, Crustacea, innervation, Alexan- 
drowicz (1, 2). 

H e 1 i xj blood, Haughton. 

— germ-cells, Gatenby (5, 9). 



Helix; spermatocytes, Beams (i). 

— tissue culture, Gatenby (27, 28). 
Hemiptera. See Heteroptera and Homo- 

ptera. 

Henson, H. (i) On the Development of 
the Mid-gut in the Larval Stages of 
, Vanessa urticae (Lepidoptera), 73, 
87-106, pi. 5. 

— (2) The Structure and Post-embryonic 
Development of Vanessa urticae 
(Lepidoptera). I. The Larval Alimen- 
tary Canal, 74, 321-60, pi. 14. 

— (3) The Development of the Alimen- 
tary Canal in Pieris brassicae and 
the Endodermal Origin of the Mal- 
pighian Tubules of Insects, 75, 283- 
306, pi. 18. 

Hepato-pancreatic glands in Indian 
Earthworms, Bahl (7). 
Hermaphroditism; Isopod, Rhyscotus, 
Jackson. 

Syllid, Pionosyllis neapolitana 
n.sp., Goodrich (7). 

Heronimus chelydrae, miracidium, 
Lynch. 

Heterandria, viviparous fish develop- 
ment, Fraser (2). 

Heterodontus, head, de Beer (4, 5). 
Heteroptera; salivary glands, 1 Baptist. 

See also Rhodnius, louse. 

Hickling, C. F. The Structure of the 
Otolith of the Hake (Merlucius), 74, 
547"6 i, pis. 24, 25. 

Hickman, V. V. On a New Prorhynchid 
Turbellarian from Tasmania, 76, 257— 
68, pi. 18. 

Hickson, S. J. (i) On the Occurrence of 
Protohydra in England, 64, 419-24. 

— (2) On Gypsina plana and on The 
Systematic Position of the Stromato- 
poroids, 76, 433-80, pis. 26, 27. 

Hill, J. C. See Gatenby (26, 27). 

Hill, J. P. (i) Some Observations on 
the Early Development of Didelphys 
aurita (Contributions to the Embryo- 
logy of the Marsupialia. — V), 63, 91- 
139, pis. 6-9. 

— (2) See Gatenby (19), 

(3) and Tribe, M. The early De- 
velopment of the Cat (Felis domes- 
tica), 68, 513-602, pis. 24-9. 

Hilton, Irene F. The Oogenesis of 
Calanus finmarchicus, 74, 101- 
222, pis. 9 » 10. 
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Hirudo and Hirudinaria, nephridia, 
Bhatia, 81, 27. <* 

Histochemistry: golgi element, composi- 
tion, Baker (3). 

— lipine tests, Baker (2, 4). 

— lipoids, fats, Nath (10). 

— nucleic acids, Sanders. 

— - yolk-formation in hen’s egg, Marza (2). 
Histology; alimentary tract, plaice, 
Dawes. 

Apis and scorpions, Pavlovsky (4). 

Connective tissue, formation of 
ground substance, Jasswoin (2). 

— Corals, Matthai. 

— gastric mucosa Lim. (2). , 

keratinization in malignant growth. 

Ludford (2). 

— pituitary gland of skate, Howes. 

— Sponges, Webb. 

— Teleost scale, Neave. 

— thyroid of sheep, Lowe. 
Holomastigotoides, nucleus and axo- 

style, Mackinnon (4). 

Holothuroidea ; Cucumaria, develop- 
ment, Ohshima (1). 

Cucumaria and Chiridota, Gre- 
garines, Pixell Goodrich (3, 5). 
Planktothuria, Gilchrist (4). 
Homologies of muscles of visceral arches 
of fishes, Allis (2). 

Homoptera; Aphides, hyperparasites of, 
Haviland (1-3). 

Dialeurodes, development of re- 
spiratory system, Roonwal. 

— male genitalia, Singh-Pruth. 
Philaenus, genitalia, George, 72, 447 ; 

development, Metcalfe (2). 

— Wax-glands of a Coccid, Pollister, 80, 
127. 

Honey-bee; alimentary canal and fer- 
ments, Pavlovsky (4). 

— determination of age, Pixell Goodrich 
( 0 - 

— ‘olfactory pores’, Newton. 
Hoplodactylus, ovary and corpus 

luteum, Boyd. 

Hornung, E. S. Mitochondrial Be- 
haviour during the Life-cycle of a 
Sporozoan (Monocystis), 73, 135-44, 
pi. 9. 

Horst, C. J. van der. (1) Metamerism 
in Enteropneusta, 73, 393-402. 

— (2) Planctosphaera and Tomaria, 78, 
605-14. 



j8 The Quarterly Journal of Microscopical Science 


* 

Howells, H. H. The Structure and 
Function of the Alimentary Canal of 
Aplysia punctata, 83, 357-97* 
Howes, N. H. A Study of the Histology 
of the Pituitary Gland of the Skate, 78, 
637“S2, pis. 33, 34* 

Husain, M. T. See Nath (5). 

Huxley, J. S. (i) Note on an Amoeba- 
like Parasite from Clavellina, 64, 413- 
I7 * 

— (2) Further Studies on Restitution- 
bodies and Free Tissue-culture in 
Sycon, 65, 293-322, pis. 13, 14. 

— (3) Studies in Dedifferentiation. II. 
Dedifferentiation and Resorption in 
Perophora, 65, 643-97, pis* 26-8. 

— (4) and de Beer, G. R. Studies in 
Dedifferentiation. IV. Resorption and 
Differential Inhibition in Obelia and 
Campanularia, 67, 473-96, pi. 26. 

— (5) See de Beer (8). 

Hydra, Marshall (1). 

— development of nerve-net, McConnell. 
Hydrophilus, larva of a beetle, Pavlovsky 

(i)- 

Hydropsyche anatomy, Glasgow. 

Hyman, L. H. Observations on Proto- 
zoa: I. The Impermanence, of the Con- 
tractile Vacuole in Amoeba vespertilio. 
II. Structure and Mode of Food In- 
gestion of Peranema, 79, 43-56. 
Hymenoptera ; Bionomics of parasitic, 
Haviland (3). 

— Polyembryony in parasitic, Gatenby 
(7)* 

— Trichogramma, egg parasite of Dona- 
cia, idem (1-6). 

— See also Apis, Chalcidae, Tenthre- 
dinidae. 

Hyoid arch, Rays and Skates, de Beer 
(16). 

Hyperidion thalassemae n.gen., 
n.sp., Mackinnon (6). 

Hypophysis; craniate vertebrates, Good- 
rich (1). 

— Petromyzon, and Amia, de Beer (2). 

Imms, A. D. (i) Observations on the 
Insect Parasites of Some Cocgidae. II. 
On Chalcid Parasites of Lecanium 
capreae, 63, 293-374. 

— (2) On the Antennal Musculature in 
Insects and other Arthropods, 81, 273- 
320. 


Imms, A* D. (3) On Growth Processes 
in the Antennae of Insects, 81/585- 
93* 

— (4) On the Constitution of the 
Maxillae and Labium in Mecoptera and 
Diptera, 85, 73-96. 

Infusoria. See Ciliata. 

Insects; Antennae, Imms (3). 

— Campodea, dorsal organ, Tiegs (5). ' 

— Collembola, dorsal organ* Tiegs (4) ; 
tracheal system, Davies, 71, 15, Sikes. 

— Goniodes, gametogeneSis, Perrot. 

— mouth parts* Imms (4) ; larval, Das. 

— rectal glands, chromatic droplets, 
Wigglesworth (3, 7). 

— viviparous Psocid, Fernando (2). 

— See Coleoptera, Diptera, Hemiptera, 
Hymenoptera, Lepidoptera, Ortho- 
ptera, Trichoptera. 

Invertebrates ; pseudopodia of leuco- 
cytes, Goodrich (3). 

Ions on ciliary movement, Gray, 64, 
345* 

Isopoda; Anilocra chromosomes, Cal- 
lan. 

— Gyge (Upogebia), Tucker. 

— hermaphroditism, Jackson. 

— Tegumental glands, Gorvett. 

— See also Asellus. 

Jackson, H. G. Hermaphroditism in 
Rhyscotus, a terrestrial Isopod, 71, 
527-39* 

Jacobson, W. See Fell (4). 

Jagt, E. R. van der. The Origin and 
Development of the Anterior Lymph- 
Sacs in the Sea-Turtle (Thalasso- 
chelys caretta), 75, 151-64. 

Jameson, A. P. The Chromosome Cycle 
of Gregarines with Special Reference 
to Diplocystis schneideri Kunst- 
ler, 64, 207-66, pis. 12-15. 

Jane, F. W. The Structure of the So- 
matic Chromosomes of Alstroemeria 
and Bomarea, 77, 49-76, pis. 2-4. 
Jasswoin, G. (1;) On the Structure and 
Development of the Enamel in Mam- 
mals, 69, 97-118, pi. 6. 

— (2) On the Formation of the Ground 
Substance of Loose Connective Tissue, 
78, 271-301, pi. 10. 

Jepps, M. W. (i) Contribution to the 
Study of Gromia oviformis, Du- 
jardin, 70, 701-20, pis. 37-9* 



Jews, M. W. (2) On Kibisidytes 
marinus, n.gen., n.sp., and some other 
Rhizopod Protozoa found on Surface 
Films, 77, 121-8, pis. 5-6. 

' (3) On the Protozoan Parasites of 
Calanus finmarchicus in the Clyde 
Sea Area, 79, 589-650, pis. 25-8. 
Joenopsis polytricha, n.gen., n.sp., 
and J. Cephalotricha, n.sp., Cutler 
(2). 

John, C. C. Habits, Structure, and 
Development of Spadella cephalo- 
ptera, 75, 625-96, pis. 34-8. 

Kaburaki, T. Terrestrial Planarians 
from the Islands of Mauritius and 
Rodrigues; with a Note upon the 
Canal connecting the Female Genital 
Organ with the Intestine, 65, 129-56, 
pi. 4. 

Kalotermes, flagellates, Kirby (2). 
Kaloula borealis, embryonic olfac- 
tory organ, Tsui (3-5). 

Kater, J. McA. Reconstruction of 
Daughter Nuclei and the Individuality 
of Chromosomal Vesicles during Inter 
kinesis, 72, 189-218, pis. 4, 5. 

Keilin, D. (i) Pharyngeal or Salivary 
Gland of the Earthworm, 65, 33-62, 
Pi- 3 - 

— (2) On the Calcium Carbonate and 
the Calcospherites in the Malpighian 
Tubes and the Fat Body of Dipterous 
Larvae and the Ecdysial Elimination of 
these Products of Excretion, 65, 61 1- 
26. 

Kerr, J. Graham. Text-book of Em- 
bryology, Vol. II, Vertebrata, Review, 
Goodrich (4). 

Kerr, T. (i) Notes on the Development 
of the Germ-layers in Diprotodont 
Marsupials, 77, 305-16. 

(2) On the Primitive Streak and 
Associated Structures in the Marsupial 
Bettongia cuniculus, 78, 687-715, 
pis. 41,42. 

— ( 3 ) On the Pituitary of the Perch 
(Perea fluviatilis), 83, 299-318, 
pis. 16-17. 

— (4) The Development of the Pituitary 
of the Laboratory Mouse, 87, 3-29, 
pis. 1-3. 

Kibisidytes marinus, n.gen., n.sp., 
from Surface Films, Jepps (2). 
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Kidney; Amphibian development, Gray 
( 2 - 4 ). 

tubules of cat, MacManus. 

— See also under Teleostei. 

King, S. D. (i) and Gatenby, J. B. 
The Golgi Bodies of a Coccidian, 67, 
381-90, pi. 21. 

(2) Cytological Observations on Hap- 
losporidium (Minchinia) chitonis, 
70, 147-58, pis. 14, 15. 

(3) Note on the Oogenesis of Peri- 
patopsis capensis, Purcell, 70. 
553 - 8 . 

— (4) Note on the Cytology of Anoplo- 
phrya brasili, 70, 693-700, pi. 36. 

— (5) and Gatenby, J. B. Note on cer- 
tain New Bodies in Opalina ranarum 
presumed to represent the Golgi Ele- 
ments, 70, 217-20, pi. 21. 

Kingsbury, B. F., and Adelmann, H. B. 
The Morphological Plan of the Head, 
68, 239-86. 

Kirby, H. (i) Studies on some Amoebae 
from the Termite Microtermes, with 
Notes on some other Protozoa from the 
Termitidae, 71, 189-222, pis. '2-6. 

(2) A Species of Proboscidiclla from 
Kalotermes (Cryptotermes) dud- 
ley i Banks, a Termite of Central 
America, with Remarks on the Oxy- 
monad Flagellates, 72, 355-86, pis. 21- 
4 * 

— (3) Two Polymastigote Flagellates of 
the Genus Pseudodevesco vina and 
Caduceia, 79, 309-36, pis. 12-16. 

— - (4) Polymastigote Flagellates of the 
Genus Foaina Janicki, and two New 
Genera Crucinymphia and Bulla- 
nympha, 81, 1-26, pis. 1, 2. 
Kirtisinghe, P. The Myenteric Nerve- 
Plexus in some Lower Chordates, 81, 
521-40. 

Krause, R., ‘Enzyklopadie der Mikro- 
skopischen Technik’, Review, 79, 337. 

Labial cartilages of Raia, Allis (1). 

Labral glands of a Cladoceran, Cannon (3). 
Lacertilia ; lizard chrondrocranium, de 
Beer (1 3). See also Calotes and Gecko. 
Lagenophrys tattersalli sp.n. a 
peritrichous ciliate, Willis, 83, 171. 

Laing, Joyce. On the Ptilinum of the 
Blow-fly (Calliphora eryth roce- 
phala), 77, 497-521. 
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Lal, K. B. Cytoplasmic Inclusions in 
the Eggs of certain Indian Snakes, 76, 
243“56, pi. 17- 
Lal, M. B. See Bahl (7). 

Lamellibranchia ; ciliary mechanisms, 
Atkins (3-9). 

— gill musculature, idem (10). 

— Mytilus gills, Bhatia, 70, 681. 

— See Ostrea. 

Lampito, nephridia, Bahl (4, 5). 
Lankester, E. Ray. (i) The Termino- 
logy of Parthenogenesis, 63, 531-6. 

— (2) Fifty years of his editorship of the 
‘Quarterly Journal of Microscopical 
Science’, Bourne (2). 

— (3) Scientific Work, Goodrich (9). 
Lapage, G. (i) Cannibalism in Amoeba 

vespertilio (Penard), 66, 669-710, 
pis. 28, 29. 

— (2) Notes on the Choanoflagellate, 
Codosiga botrytis, Ehrbg., 69, 
471-508. 

Lebistes, a viviparous cyprinodont 
fish, reproduction, Purser (2). 
Lecanium, scale insect on hawthorn, 
Scc.y Imms (1). 

Lee, A. Bolles. (i) The Structure of 
certain Chromosomes and the Mechan- 
ism of their Division, 65, 1-32, pis. 1, 2. 

— (2) Microtomist’s Vade-mecum, 
eighth edition (review), 65, 699. 

— (3) The Chromosomes of Paris 
quadrifolia and the Mechanism of 
their Division, 69, 1-26, pi. 1. 

Leech; Centropygus from Brazil, Bad- 
ham (3). 

— nephridia, of Indian, Bhatia, 81, 27. 

— parasitic on whiting, Badham (1). 
Lepidoptera; cytoplasmic inclusions in 

germ-cells, Gatenby (3). 

— development of male genitalia, Mehta, 

35 * 

— Ephestia, alimentary canal and 
Malpighian tubules, Drummond. 

— spermatogenesis, Bowen (1). 

— Vanessa, mid-gut, Henson (1, 2). 

— See also Pieris. 

Lepidosiren; spleen development, 
Purser (1). , 

— egg cleavage, Miller. 

Lepidosteus osseus, development of 

dermal bones in skull, Aumonier, 1. 
Lepisma domes tica, spermatogene- 
sis, Gatenby (26). 


Lemaeopoda, anatomy of female, Gray 

(1). 

Leucocytes of Invertebrates, Goodrich 

( 3 ). 

Lim, R. K. S. (i) An Alcoholic Eosin 
and Methylene-Blue Staining Method, 
63 i 541-4* 

— (2) The Gastric Mucosa, 66, 187- 
2J2, pi. 8. 

L i m n a e a , gametogenesis, Gatenby (to). 

Lipine ; histochemistry, Baker (2, 4). 

— secretion in Elasmobranch Interrenal, 
Fraser, 73, 121. 

Lipoids, fats, &c., microchemical tests, 
Nash. 

Lithocystis cucumariae, n.sp., 
Pixell Goodrich (5). 

Lizard, development of chondrocranium, 
de Beer (13). 

Loligo; yolk-absorption and function 
of embryonic liver and pancreas, Port- 
mann. 

— spermatheca, van Oordt. 

Lori cat a (Placophora), mantle cavity, 
Yonge (3). 

Loris, ovary, Rao (2). 

Louse, mouth-parts, Fernando (1). 

— spermatogenesis, Cannon (1, 4); Don- 
caster (1). 

Lowe, E. (i) The Embryology of 
Tubularia larynx (Alim.), 70, 599- 
628, pi. 3 1 - 

— (2) Variation in the Histological Con- 
dition of the Thyroid Glands of Sheep 
with regard to Season, Sex, Age, and 
Locality, 73, 437-64, pis. 24, 25. 

— (3) Seasonal and Sexual Variation in 
the Thyroid Glands of Cats, 73, 577- 
94, pis. 35, 36. 

Loxosoma obesum sp.nov., Athins 
( 0 - 

Luciola, oogenesis, Nath (6). 

Ludford, R. J. (i) The Behaviour of the 
Golgi Bodies during Nuclear Division, 
with Special Reference to Amitosis in 
Dytiscus marginalia, 66, 151-8. 

— (2) Cell Organs during Keratinization 
in Normal Malignant Growth, 69, 27- 
58, pis. 2-4. 

— (3) See Rau. 

Lumbricus; mitochondria, &c,, Har- 
vey (1). 

— oocytes ultracentrifuged, Normington. 

— bogenesis, Gatenby (23). 



Lumbricus; oogenesis, Harvey (2). 

— nephridiostome, Goodrich (1 1). 

— reproduction, Grove (1). 

— See also Earthworms. 

Lung, dust-cells, Carleton (5). 

Lungfish. JSee Protopterus. 

Lygocerus, parasite of Aphidius, Havi- 

land (1). 

Lymph-sacs of Turtle, van der Jagt. 
Lynch, J. E. The Miracidium of 
Heronimus chelydrae, MacCullum, 
76, I3~34, Pis. 3, 4* 

MacBride, E. W. (i) The Development 
, of Echinocardum cordatum. Part 
II. The Development of the Internal 
Organs, 63, 259-82, pi, 19. 

(2) Note on Echinoid Larvae, 66, 149. 
McConnell, C. H. The Development 
of the Ectodermal Nerve-Net in the Buds 
of Hydra, 75, 495-510, pis. 29-31. 
MacDougall, M. S. (i) Cytological 
Observations on Gymnostomatous Cili- 
ates, with a Description of the Matura- 
tion Phenomena in Diploid and Tetra- 
ploid Forms of Chilodon uncinatus, 
69. 361-84, pis. 23-33. 

(2) The Conjugation of a Triploid 
Chilodon, 73, 215-24. 

Macdougald, T. J. See Gatenby (27) 
McIntosh, W. C. On Two Tubes of 
Polyodontes, and on the Discharge of 
the Ova in Thelepus, 68, 603-14, pi. 30. 
Mackinnon, D. L. (1) and Adam, D. I. 
(1) Notes on Four Astomatous Ciliates 
from Oligochaete Worms, 68, 211 28, 
pi. 9. 

(2) and — (2) Notes on Sporozoa para- 
sitic in Tubifex. I. The Life-history 
of Triactinomyxon Stoic, 68, 187-210 
pis. 6-8. 

— (3) Observations on Trichonymphids. 

I. The Nucleus and Axostyle of 
Holomastigotoides hemigymnum 
Grassi ( ?), 70, 173-92, pis. 16, 17. 

(4) II. The Structure of Micro- 
spironympha elegans, n.sp., 71. 
47“56, pi. 7. 

(5) and Ray, H. N. Observations oh 
Dicystid Gregarines from Marine 
Worms, 74, 439-66, pis. 20, 21. 

— (6) A New Protozoa, Hyperidion 
thalassemae n.gen., n.sp., from the 
Intestine of Thalassema neptuni, 
Gartner, 74, 467-76, pi. 22. 
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Mackintosh, N. A. The Crystalline 
Style in Gastropods, 69, 317-42, pis. 
20, 21. 

MacManus, J. F. A. The Golgi Element 
in the Cells of the First and Second 
Convoluted Tubules of the Cat Kidney, 
85* 95-105. 

Madreporic vesicle, pulsation, Gemmill 
( 0 - 

Malignant growth; cell organs during 
keratinization in, Ludford (2). 
Malpighian tubules; origin in insects, 
Henson (3). 

peristalsis, Eastham (1). 

Mammalia ; innervation of adrenal glands 
Willard. 

— skin, Shapiro. *■ 

— spermatozoa, Parkes. 

— structure and development of enamel, 
Jasswoin (1). 

— teeth, cetacean, Beddard. 

— thymus, Deanesly (2). 

Man, cytoplasmic inclusions in spermato- 
genesis, Gatenby (28). 

Mandible; developmental mechanics 
Fell (4). 

— Osteichthyes, Haines (2). 

Mandibular arch, in Anura, Pusey (1) 
Mann, I. C. The Pecten of Gall us 

domesticus, 68, 413-42. 

Mansour, K. (i) The Development of 
the Larval and Adult Mid-gut of 
Calandra oryzae (Linn.): The Rice 
Weevil, 71, 313-52, pis. 29-33. 

— (2) Preliminary Studies on the Bac- 
terial Cell-mass (Accessory Cell-mass) 
of Calandra oryzae (Linn.): The 
Rice Weevil, 73, 421-36, pis. 22, 23. 

— (3) On the Intracellular Micro- 
organisms of some Bostrychid Beetles, 
77, 243-54, pis. 15-16. 

(4) On the So-called Symbiotic Rela- 
tionship between Coleopterous Insects 
and Intracellular Micro-organisms, 77, 
255-72, pis. 17-18. 

Mantle cavity of the Loricata, Yonge 
(3). 

Marshall, S. (i) Observations upon the 
Behaviour and Structure of Hydra, 

67, 593 - 6 i 6 - 

(2) On Protery thropsis vigilans, 
n.sp., 69, 177-84, pi. 9. 

Marsupialia; chromosomes, Altmann. 

— Didelphys, development, Hill (1). 
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Marsupialia; germ-layers, Kerr (it, a). 

— ■ male meiotic phase, Agar, Drum- 
mund, 76, 1, 

— Perameles, placenta, Flynn (1). 

— spermatogenesis, Greenwood. 

Marza, V. D. (i) and Marza, E. V. The 

Formation of the Hen’s Egg, Parts I- 

IV, 78, 133-89. 

— (2) The Formation of the Hen’s Egg, 

V. Histochemistry of Yolk-formation. 
Proteins, 78, 1 91-250. 

Mastigophora; Bodo, gamma-rays on, 
Robertson. 

— - Chilomonas, Gatdnby (31). 

— Godosiga, Lapage (2). 

— Co-promonas, Euglena, Gatenby 
(3°> 30- 

— Peranema Hyman, Brown, 73, 403. 

— Proterythropsis, Marshall (2). 

— Trypanosomes, mitochondria, Wot- 
ton. 

Matthai, G. Histology of the Soft Parts 
of Astraeid Corals, 67, 100-22, pis. 7, 8. 
Matthews, A. Development of Al- 
cyonium digitatum and Early 
Colony Formation, 62, 43~94> P^ s * 
3“5* 

Maturation; Chilodon, MacDougall (2). 

— egg of Pediculus, Doncaster (1). 
Mawson, M. L., and Yonge, C. M. (2). 

The Origin and Nature of the Egg 
Membranes in Chirocephalus dia- 
phanus, 80, 553-65. 

Meckel’s cartilage, in bony fishes, 
Haines (2). 

Mecoptera, mouth-parts, Imms (4). 
Medusa; a crawling, Gilchrist (4). 

— Rhizostome with parasitic Actinian, 
Badham (2). 

Meek, A. (1) Glossobalanus mar- 
ginatus, a Ne\y Species of Entero- 
pneusta from the North Sea, 66, 579- 

94, . 

— (2) The ‘Segmentation Cavity’ of the 

‘ Frog, 67, 33-8, pi. 1. 

Megascolex, enteronephric nephridia and 

phagocytic organs, Bahl (13, 14. l6 )* 
t Mbhra, H. R. (i) The Genital Organs of 
Sty Lari a lacustris, with an Account 
of their Development, 68, 147-86, pis. 

4, 5- , „ 

— (2) The Atrium and the Prostate 

Gland in the Microdrili, 69, 399-444, 
pis. 35, 36* 


Mehta, D. R. (i) See Nath (6), 

— (2) On the Development of the Male 
Genitalia and the Efferent Genital 
Ducts in Lepidoptera, 73, 35-62. 

Melaniridosomes, in healing wounds of 
Haemulidae, Smith, 76, 647. ; 

Melibe, a nudibranchiate Mollusc, 
Agersborg (1). 

Melicertidium (Leptomedusa), life-his- 
tory, Gemmill (3)* 

Mellanby, Helen, (i) The Early Em- 
bryonic Development of Rhodnius 
prolix us (Hemiptera, Heteroptera), 
78, 71-90, pi. 5- 

— (2) The Later Embryology of Rhod- 
nius prolixus, 79, 1-42. 

Mesoglocal sphincter of Actiniaria, 
Stephenson ( 1 ). 

Metamorphosis, Anuran Jaw, Pusey (1). 
Metcalfe, M. E. (i) The Structure and 
Development of the Reproductive Sys- 
tem in the Coleoptera with Notes on 
its Homologies, 75, 49-130, pis. 7- 
10. 

— (2) Notes on the Structure and De- 
velopment of the Reproductive Organs 
in Philaenus spumarius L., 75>4 6 7~ 
82, pis. 27, 28. 

— (3) Notes on the Structure and De- 
velopment of the Female Genital Sys- 
tem in Dasyneura leguminicola 
Lint. (Cecidomyidae-Diptera), 76, 89- 
106, pis. 7, 8. 

— (4) The Germ-cell Cycle in Phyto- 
phaga destructor Say, 77, 585-^604, 
pis. 29, 30. 

Metten, H. The Fate of Spermatozoa 
in the Female Dogfish (Scylliorhynus 
canicula), 84, 283-94, pi 16. 
Michaelsen, W. Oligochaeta from 
Sarawak, 77, 1, pi 1. 
Microciliobranchia, gill musculature, 
Atkins (10). 

Microdrili; atrium and genital organs, 
Mehra (1, 2). 

Microjoenia axostylis n.sp. (ter- 
mites), Cutler (2). 

Micronuclear variation in Paramoe- 
cium, Woodruff. | 
Microspironympha elegans n.sp. 
(termites). Mackinnon (4)* 
Microsporidial diseases of Gammarus, 
_ .Pixell Goodrich (4). 

Microterriies, amoebae in, Kirby (1). 
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Microtome, orientation of minute ob- 
jects for the, Newth (2). 

Microtomist’s Vade-Mecum, A. Bolles 
Lee, eighth edition (review), Gatenby 

(13)* 

Milax, pedal gland, Barr. 

Miller, A. E. The Cleavage of the Egg 
of Lepidosiren parado^a, 67, 497- 
506. 

Miracidium of Heronimus chely- 
drae, Lynch. 

Mitochondria; Limnaea, Gatenby (10). 

— Lumbricus, Harvey (1). 

— Monocystis life-cycle, Hornung. 

— sperm-tail formation, Nath (2). 

— trypanosomes, Wotton. 

Mitosis; behaviour of certain cell in- 
clusions in Tenthredinidae, Peacock 
(2). 

— oocyte, Obeli a, Faulkner. 

— plant cells, Frew. 

— Stegomyia, Carter, 63, 375. 
Modiolus, cultivation mantle, Gresson 

(9). 

Moghe, M. A. Development of the 
Mesonephros in a Teleostean — Thyn- 
nichthys sandkhol, 85, 129-52, 

pi. 6. 

Mollusca ; Cephalopoda, Lamellibranchia 
cytology, Gatenby (26). 

— effect of parasites on tissues, Agers- 
borg (2). 

— See also Gastropoda. 

Morgan, W. de. Foettingeria acti- 
niarum (parasitic in Anemones), 68, 
343-60, pi. 11. 

Morison, G. D. (1-3) The Muscles of 
the Adult Honey-bee (Apis melli- 
fera L.), 71, 395-464 and 563-652 and 
7a, 511-26. 

Mosquitoes, peritrophic membrane, 
Wigglesworth (1). 

Mouse; cytology, oocyte and ovum, 
Gresson (10, 1 1). 

— cytoplasmic inclusions during 
oogenesis, Gresson (6). 

— development of adrenal gland, War- 
ing. 

— development of pituitary, Kerr (4). 
Mouth and enterostome, Goodrich (16). 
Mouth-parts ; development in head- 

louse, Fernando (1). 

— in Mecoptera and Diptera, Imms (4). 

— musculature of Insect larvae, Das. 


Mqy-Thomas, J. A. (i) Notes on the 
Development of the Chondrocranium of 
Polypterus senegalus, 76, 209-30. 

— (2) On the Teeth of the Larval 
Belone vulgaris, and the Attach- 
ment of Teeth in Fishes, 76, 481-98, 
pi. 28. 

Mucosa, gastric, Lim (2). 

Mukerji, R. N. See Gatenby (25). 
Muliyil, J. A. (i) See Beams (1). 

— (2) A Study of the Yolk (Y.-granules) 
of the Male Germ-cells, 78, 513-31, 
pi. 27. 

Muridae, sperms of British, Friend. 
Murray, F. V. (i). See Tiegs (2). 

— (2) and Tiegs, O. W. (i). The Meta- 
morphosis of Calandra oryzae, 77, 
405-95, Pis. 23-7. 

Muscles; Apis, Morison (1-3). 

— Ceratodus development, Edgeworth. 
Musculature in Microciliobranchia gill, 

Atkins (10). 

Myriapoda; embryology and affinities of 
Hanseniella, Tiegs (3, 6). 

— oogenesis, Scolopendra, Nath (5). 
— - Scolopendra, Nina, Pixel! Good- 
rich (6). 

Mytilus, gills, Bhatia, 70, 681. 

Myxine, supposed pancreas, Barring- 
ton (3). 

Myxinoidea, spinal nerves, Goodrich (17). 
Myxosporidia ; Development and rela- 
tionships, Dumkerly. 

Narasimhamurti, N. The Develop- 
ment of Ophiocoma nigra, 76, 63- 
88, pis. 5, 6. 

Nath, V. (1) Egg-follicle of Culex, 69, 
I5I-75, Pis. 7, 8. 

— (2) Mitochondria and Sperm-tail 
Formation, with Particular Reference 
to Moths, Scorpions, and Centipedes, 
69, 643-60. 

— (3) See Gatenby, (22). 

— (4) Studies in the Origin of Yolk. I. 
Oogenesis of the Spider, Crossopriza 
lyoni Blackwall, 72, 277-300. 

— (5) and Husain, M. T. Studies on the 
Origin of Yolk. II. Oogenesis of the 
Scolopendra, Otostigmus feae, 
Pocock, 7a, 403-18. 

— (6) and Mehta, D. R. Studies in the 
Origin of Yolk. III. Oogenesis of the 
Firefly, Luciola gorhami, 73, 7-24. 
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Nath, V. (7) Studies on the Shape of the 
Golgi Apparatus. II, Observations on 
the Fresh Egg of the Indian Earthworm, 
Pheretima posthuma, 73,477-506. 

— (8) See Bhatia, 74, 669. 

— (9) The Spermatid and the Sperm of 
the Crab, Paratelphusa spinigera, 

75. 543-56. 

— - (10) Microchemical Tests for Fats, 
Lipoids, and Vacuoles with Special 
Reference to Oogenesis, 76, 129-44. 
Naville, A. Le Cycle chromosomique 
d’une nouvelle Actinomyxidie : Guy£- 
notia sphaerulosa n.gen., n.sp., 73, 

547-76, pi. 32-4. 

Neave, Ferris. On the Histology and 
Regeneration of the Teleost Scale, 81, 
541-68, pis. 30-3- 
Nebenkem in Diestrammena, Wu. 
Needham, A. E. (i) Some Points in the 
Development of Neomysis vulgaris, 
79, 550-88, pis. 23, 24. 

— (2) Abdominal Appendages in the 
Female and Copulatory Appendages in 
the Male Asellus, 81, 129-52. 

— (3) Abdominal Appendages of Asel- 
lus, 83, 61-90. ♦ 

— (4) The Structure and Development 
of the Segmental Excretory Organs of 
Asellus aquaticus (Linn6), 83, 205- 
44- 

— (5) Micro-anatomical Studies on 
Asellus, 84, 49-72, pi. 2. 

Nel, R. I. Studies on the Development 
of the Genitalia and the Genital Ducts 
in Insects. I. Female of Orthoptera and 
Dermaptera, 73, 25-86, pis. 2-4. 
Nemertea, Stiasny-Wijnhoff (1, 2). 
Neomysis; development, Needham (1). 
Neosporidia; Actinomyxidian (Tubifex), 
Naville. 

— Haplosporidium (Chiton), King (2). 

— Microsporidia (Gammarus), Pixell 
Goodrich (4). 

Myxosporidia (Fish), Dunkerly. 
--vTa««5tHiqmyxon (Tubifex), Mackin- 
non (2). 

Nephridia; Amphioxus, I. Hatschek’s 
Goodrich (14); II. Paired, idem (15), 

* — Asymmetron and Bran chi ostoma, 
idem (12). 

-*■ Earthworm, Indian, Bahl (1-17). 

-7- and genital ducts since 1895, Good- 
rich (20). 


Nephridia; Leech, Indian, Bhatia, Sx f 
27. 

Nephridiostome ; Lumbricus, Good- 
rich (11). 

— Oligochaeta, Bahl (11). 

Nerve endings, adrenal glands of mam- 
mals, Willard. 

— modified gold chloride method of 
demonstrating, Gaifns. 

Nerve-fibres of Cephalopoda, Young (4). 
Nuclear staining, Rebum. 

Nerve-net in Hydra bud, McConnell. 
Nerve-plexus, myenteric, in lower Chor- 
dates, Kirtisinghe. 

Nerves, spinal, of the Myxinoidea, 
Goodrich (17). 

Nervous system; Autonomic, Teleost, 
Young (1); Selachii, idem (3). 

(enteric) of Amphioxus, Boeke. 

Enteropneusta, Bullock. 

Neuromotor system, Euplotes, Ham- 
mond. 

Neurones ; of Cephalopods, Cytology, 
Young (2). 

— effect of ultra-centrifuge on, Brown, 
79, 73- 

— Golgi bodies of, Rau. 

Newell, G. E., and Baxter, E. W. On 
the Nature of the Free Cell-border of 
Certain Mid-gut Epithelia, 79, 123-50, 
pis. 6, 7. 

Newth, H. G. (i) See Smith, 62, 243. 

— (2) On the Orientation of Minute 
Objects for the Microtome, 63, 545- 
53- 

— The Early Development of Astro- 
pecten irregularis, with Remarks 
on Duplicity in Echinoderm Larvae, 
69, 5i9~54> Pfe- 40, 4 1 * 

Newton, H. C. F. On the So-called 
‘Olfactory Pores’ in the Honey-bee, 74, 
647-68, pis. 38, 39. 

Nicholson, A. J. The Development of 
the Ovary and Ovarian Egg of the 
Mosquito, Anopheles maculipen- 
nis, Meig, 65, 395-450, pis. 17-20. 
Nina; a remarkable Gregarine, Pixell 
Goodrich (6). 

Normington, G. M. The Effects of 
Ultra-centrifuging the Oocytes of Lum- 
bricus terrestris, 79, 4^1-86, pi. 17. 
Nuclear division, Amoeba, Taylor (2-4). 

— reconstruction, Kater. 

Nucleic acids, tests, Sanders. 
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Nucleolar behaviour; oogenesis Ten- 
thredinidae, Gresson (2). 

— - mitosis of plant-cells, Frew. 
Nucleolinus, Carleton (1). 

Nucleolus, origin and nature, Gardiner. 
Nucleus ; shape, Champy. 

Nutritive and excretory substances in 
blood and coelomic fluid of earthworms, 
Bahl (17). 

Obelia; oocyte division, Faulkner. 

— resorption and inhibition, Huxley (4). 
Octochaetus; vascular system, Bleakly. 

— nephridia, Bahl (10). 

Odhner, T. Remarks on Sanguinicola, 
68, 403-10. 

Odontosyllis, Goodrich (13). 
Ohshima, H. (i) Development of Cu- 
cumaria echinata v. Marenzeller, 
65. 173-246, pis. 8, 9. 

— (2) Larval Skeleton of Spatangus 
purpureus, 65, 479-92, pi. 21. 

— (3) The Occurrence of Situs in- 
versus among Artificially Reared 
Echinoid Larvae, 66, 105-48. 

Okada, Yo K. Feeding Organs and 
Feeding Habits of Autolytus ed- 
warsi St. Joseph (Studies on the 
Syllidae, I), 72, 219-46. 

Olfactory Organ, Ran a and Kaloula, 
Tsui (1-5). 

Oligochaeta: Ciliates in, Mackinnon (1). 

— circulation, Bahl (2). 

— copulation and hepato-pancreatic 
glands, Bahl (6). 

— Microdrili, Mehra (1, 2). 

— Nephridia, Bahl (1, 3-5, 7-13). 

— Sarawak, Michaelsen, 77, 1. 

— Sporozoa in Tubifex, Mackinnon (2). 

— vascular system of Octochaetus, 
Bleakly. 

— See also Eisenia, Lampito, Lumbri- 
cus, Pheretima, Woodwardia. 

Oocytes; Lumbricus, centrifuging, Nor- 
mington. 

— mouse, centrifuged, Gresson (10). 
Oogenesis; Calanus, Hilton. 

— Crustacea, Bhatia, 74, 667. 

— Firefly, Scolopendra, Spider and 
other invertebrates, Nath (3-8). 

— Lumbricus and other invertebrates, 
Gatenby (22), Harvey (2). 

— microchemical tests for fats, with 
reference to, Nath (10). 
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Oogenesis ; Mouse, Gresson (6). 

— Peripatopsis, King (3). 

Tenthredinidae, Peacock, Gresson 
(i~4)- 

Oordt, G. J. van. The Spermatheca of 
Loligo vulgaris. I. Structure of the 
Spermatheca and Function of its Uni- 
cellular Glands, 80, 593-9, pi. 49. 
Opalina, Golgi apparatus, King (5). 
Ophiocoma, development, Narasimha- 
murti. 

Ophiothrix f r^gilis , reproductive 
system, Smith, 82, 267. 

Ophiuroidea; development, Fell (3). 

— pulsation in madreporic oesicle, Gem- 
mill (1). 

— See also Ophiocoma, Ophiothrix. 
Ornithorhynchus ; gametogenesis, Gaten- 
by (16). 

— polar bodies and polyspermy, Gatenby 

(19)- 

Orthoptera ; development of genitalia, Nel. 
of Stick-insect, Thomas, 78, 487. 

— See also Periplaneta. 

Osmiophil material of flagellates, Smyth 
(2, 3). 

Osteichthyes, mandible, Haines (2). 
Osteocranium of just-hatched Calotes, 
Ramaswami. 

Ostrea; amoebocytes, Takatsuki. 

— sex-phases, Cole. 

j Otolith ; hake, Hickling. 

Otostigmus, oogenesis, Nath (5). 

Ovary and Corpus luteujn in a Gecko, 
Boyd. 

— Loris, Rao (2). 

Ovum; Echidna, Flynn (2). 

— Echinodermata, changes in cytosome, 
Pelluet. 

— grasshopper, Slifer (1, 2). 

— growth in Dab, Wheeler. 

— membranes in Chirocephalus, 
Mawson. 

— mouse, Gresson (11). 

— Ornithorhynchus, Gatenby (19). 

— See also Egg. 

Ovum-like bodies in seminiferous tu- 
bules, Crewe. 

Oxnerella maritima, nov.gen., nov. 
spec., a new Heliozoon, Dobell. 

Palmer, R. The Chromosome Complex 
of Gammarus chevreuxi, Sexton. 

I. Spermatogenesis, 70, 541-52, pi. 29. 
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Paludestrina; anatomy and affinities, 
Robson. 

Paludina, dimorphic apermatazoa, 
Gatenby (9). 

Pan, T.-H. See Tsui (3). 

Pancreatic organs, Cydostomata, Bar- 
rington (3). 

Paramoecium; micronucleur variation, 
Woodruff. 

Parasites, See Cestoda, Chalcidae, Tre- 
matoda and Sporozoa, Parasitic Diptera 
and Hymenoptera. 

Parasitic, Actinian (Rhizostome), Bad- 
ham (2). 

— Crustacea; Gyge (Upogebia), 
Tucker; Lernaeopoda, Copepod on 
dogfish/ Gray (1); see also Cirripedia. 

— Leech (Whiting), Badham (1). 

— Protozoa. See under Protozoa, also 
the main classes, where parasites are 
followed by .their hosts in brackets. 

Parasitism; effect on tissues, especially 
Gastropod, Agersborg (2). 
Paratelphusa spinigera, spermatid 
and sperm, Nath (9). 

Paris quadrifolia; chromosomes, Lee 

(3). 

Parkes, A. S. Head Length Dimorphism 
of Mammalian Spermatozoa, 67, 617- 
26. 

Parsons, C. W. (i) Some Observations 
on the Behaviour of Amoeba pro- 
teus, 70,629-46. 

— (2) The Conus Arteriosus in Fishes, 
73 . 145 - 76 . 

Parthenogenesis, Lankester (1). 

— sex of a tadpole, Gatenby (2). 
Paterson, Nellie F. (i) Observations 

on the Embryology of Cory nodes 
pusis (Coleoptera, Chrysomelidae), 78, 
91-132, pis. 6, 7. 

— (2) The Head of Xenopus laevis, 
81, 161-234, pis. 9-16. 

Patten, Ruth (i), Scott, Margaret, 
and Gatenby, J. B. The Cytoplasmic 
Inclusions of Certain Plant-cells, 72, 
387 -402, pi. 25. 

— (2) and Wigoder, S. The Cytological 
Changes observable in Irradiated Bean 
Root-tips, 73, 633-50, pis. 38-40. 

— (3) and Beams, H. W. Observations 
on the Effect of the Ultra-centrifuge on 
some Free-living Flagellates, 78, 615- 
36, pis. 30-2. 


Pavlovsky, £. N. (1) On the Biology and 
Structure of the Laevae of Hy dro - 
philus caraboides L., 66, 627-56, 

pi. 27. 

— (2) Studies on the Organization and 
Development of Scorpions, 68, 615-40, 
pis. 31 - 3 - 

— (3) Studies on the Organization and 
Development of Scorpions. 5. The 
Lungs, 70, 135-46, pis. 12, 13. 

— (4) and Zarin, E. J. On the Structure 
of the Alimentary Canal and its Fer- 
ments in the Bee (Apis mellifera 
L.), 66, 509--56, pis. 15-17. 

— (5) and Zarin, E. J. On the Structure 
and Ferments of the Digestive Organs 
of Scorpions, 70, 221-62, pis. 22, 23. 

Peacock, A. D. (1) and Gresson, 
R. A. R. The Role of the Nurse-cells, 
Oocytes, and Follicle-cells in Ten- 
thredinid oogenesis, 71, 541-62. 

— (2) and Greenshields, F. Note on 

the Behaviour of Certain Cell Inclusions 
during Mitosis in Tenthredinidae, 78, 
303-9, pi. 11. ’ 

Pecten; neuro-muscular mechanism of 
gill, Setna. 

— of Gallus eye, Mann. 

Pelluet, D. A Quantitative Study of the 
Changes in the Cytosome of Eggs of the 
Echinodermata during Early Cleavage, 
80, 285-92, pi. 27. 

Perameles, placenta, Flynn (1). 
Peranema, cytology, Brown, 73, 403. 

— food ingestion, Hyman. 

Percival, E. (i) On the Strobilization of 

Aurelia, 67, 85-100, pi. 

— Rhynchodemus britannicus, n. 
sp. A New British Terrestrial Triclad, 
\vith a Note on the Excretion of Calcium 
Carbonate, 69 . 343-56. 

Percy, M. Physophaga sappheira, 
n.g., n.sp., 73, *07-20, pi. 6. 
Peripatopsis, oogenesis, King (3). 
Peripatus ; early development, Glen. 

— eye of, Dakin (1). 

— infra-cerebral organs, Dakin (2). 

— spermatogenesis, Gatenby (2p). 
Periplaneta; cytology, Gresson ( 7 ). 

— chromosome cycle, of Diplocystis, 
Jameson. 

— yolk-formation, Gresson (5). 
Peristalsis in malpighian tubules, East- 

ham (1). “ 
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Perophora; dedifferentiation and resorp- 
tion, Huxley (3). 

Perhot, J. L. La spermatogen&se et 
I’ovogen&se du Mallophase Goniodes 
stylifer, 76, 353“78, pis. 23-5. 
Petauroides, male meiotic phase, Agar. 
Petromyzon; hypophysis, de Beer (2). 

— supposed pancreatic organs, Barring- 
ton, 85,391. 

Phagocytosis, Ostrea edulis, Takat- 
suki. 

Phellunae, from New Guinea, Bourne 

(1) . , 

Pheretima; new type of nephridia in, 
Bahl (1, 3). 

— - blood-vascular system, Bahl (2). 

— Golgi apparatus in egg, Nath (7). 
Philaenus, genitalia, George (1), Met- 
calfe (2). 

Phoronis ovalis, Harmer. 
Phoronopsis, transverse fission, Gil- 
christ (3). 

Phrynomerus cranial characters, de 
Villiers (1). 

Phylogeny, Chordata, Garstang (2). 
Physeter; development of teeth, Bed- 
dard. 

Physophaga sappheira, n.g., n.sp., 
Percy. 

Phytophaga, germ-cell cycle, Met- 
calfe (4). 

Pieris; alimentary canal, Henson (3). 

— Apanteles in larva of, Gatenby (11). 

— embryology, Eastham (2). 

Pigments, animal, Fulton. 

Pionosyllis neapolitana, n.sp., 

Goodrich (7). 

Pisces : bony skulls, Sewertzoff. 

— cestodes in, Woodland (2-7). 

— conus arteriosus, Parsons (2). 

— epiphysicab growth in branchial skele- 
ton, Haines (1). 

— Lepidosteus, skull development, 
Aumonier. 

— muscles of visceral arches, Allis (2). 

— ossification, Haines (2). 

— Polyp terus, development of Chon- 
drocranium, Moy-Thomas ( 1 ), 

— reproduction of viviparous; Lebis- 
tes, Purser (2); Heterandria, Fraser 

(2) . 

— tooth attachment, Moy-Thomas (2). 
See also Acipenser, Cyclostomata, 

Dipnoi, Selachii, Teleostei. 
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Pituitary gland; skate, histology, Howes. 

— mouse, development, Kerr (4). 

— perch, Kerr (3). 

Pixell Goodrich, H. (i) Determination 
of Age in Honey-bees, 64, 191-206, 
pi. 11. 

— (2) See Goodrich, 65, 1.57. 

— (3) Observations on the Gregarines of 
Chiridota, 69, 619-28, pi. 49. 

— (4) Reactions of Gammarusto Injury 
and Disease, with Notes on some 
Microsporidial and Fungoid Diseases, 
72 , 325 - 54 . ph 20. 

— (5) The Gregarines of Cucumaria; 
Lithocystis minchinii Woodc. and 
Lithocystis cucumariae, n.sp., 73, 
275-88. 

— (6) Nina: a Remarkable Gregarine, 
81, 107-26, pi. 7. 

Placenta in Perameles, Flynn (1). 
Placodes and ophthalmic nerves, de 
Beer (7). 

Planarians ; (Mauritius and Rodrigues) 
intestinal connexion with genital organ, 
Kaburaki. 

— notes, Ullyott (2). 

— reproductive system, Fyfe. 
Planctosphaera, van de Horst (2). 
Planktothuria diaphana, gen. et 

sp.n., Gilchrist (4). 

Plant-cells, cytoplasmic inclusions, Pat- 
ten (1). 

Platyhelmia; Cestoda, Woodland (2, 4, 
6 , 7 ). 

— Trematoda, Cercaria, Vickers. 

Cryptocotyle, Cable (1, 2). 

Heronimus (turtle), Lynch. 

Schistosoma (bloodfluke), Sever- 

inghans. See also Sanguinicola and 
Turbellaria. 

Pleuronectes; alimentary tract histo- 
logy, Dawes. 

— growth of egg, Wheeler. 

— tail, Barrington (1). 

Pollister, A. W. The Structure of the 
Golgi Apparatus in the Tissues of Am- 
phibia, 81, 235-72, pis. 17-21. 
Pollister, P. F. The Structure and 
Development of Wax Glands of Pseu- 
dococcus maritimus (Homoptera, 
Coccidae), 80, 127-52, pis. 17-20. 
Polychaeta; Arenicola, gregarine, 
Goodrich (5). 

— Polyodontes, tubes, McIntosh. 
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Polychaeta ; Pomatoceros, develop- 
ment, Segrove. 

— Sab el lari a, chaetae, Ebling. 

— Thelepus, ova, McIntosh. 

— See also Chaetopteridae, Sabellidae, 
Syllidae. 

Polyembryony in parasitic Hymenpptera, 
Gatenby (7). 

Polyodontes, tubes, McIntosh. 

Polyp terus, development of Chondro- 
cranium, Moy-Thomas ( 1 ) . 

Polyspermy, Ornithorhynchus, 

Gatenby (19). 

Polystylifera, non-pelagic, Stiasny-Wijn- 
hoffXa). 

Polyzoa ; Loxosomatidae of Plymouth 
area, Atkins (1). 

— ciliary feeding mechanism, Atkins (2). 
Pontoscolex nephridia and ‘safety 

valves’, Bahl (12). 

Porifera. See Sponges. 

Portmann, Ad., and Bidder, Anna M. 
Yolk- absorption in Loligo and the 
Function of the Embryonic Liver and 
Pancreas, 72, 301-24, pis. 13-19. 
Pradhan, S. The Alimentary Canal and 
Pro-epithelial Regeneration in Cocci - 
nella septempunctata with a Com- 
parison of Carnivorous and Herbivorous 
Coccinellids, 81, 451-78. 

Primitive streak in Marsupial, Betton- 
gia, Kerr (2). 

Proboscidiella kofoidi sp.nov., 
Kirby (2). 

Proboscis; pores in Craniata, Goodrich 

(1). 

— Syllidae, Haswell. 

Pronephros; Perch, Strder. 

— sturgeon, Fraser (1). 

Prorhynchus putealis and P. has- 

welli, nov.spec., Steinboeck. 

— tasmaniensis, sp.nov., a new Tur- 
bellarian, Hickman. 

Prostate of Microdrili, Mehra (2). 
Protandry in Teredo, Yonge (1). 
Proterythfropsis vigilans, n.sp., of 
Dinoflagellate, Marshall (2). 

Proteus anguinus, eyes and reaction 
to light, Hawes. 

Protodrilus, Goodrich (8). 
Protohydra, an archaic Coelenterate, 
Hickson (1). 

Protopterus; skin “after induced Aesti- 
vation, Smith, 79, 487. 


Protopterus ; spleen development, Pur- 
ser (1). 

Protozoa : associated with Termites, 
Cutler (1-3), Kirby (1-4), Mackinnon 
(3, 4), Sutherland, 76, 145. 

— chromosome cycle, Gregarines, Jame- 
son. 

Actinomyxidia, Naville. 

— effect of ultra-centrifuge on, Patten 
(3), Daniels, Singh (2). 

— Golgi element, Gatenby (22, 31, 32), 
King (1, 2, 4, 5). 

— irridation by Gamma-Rays (Bodo), 
Robertson. 

— mitochondria, trypanosomes, Wootan. 

Monocystis, Homung. 

— neuromotor system (Euplotes), Ham- 
mond. 

— parasites of Calanus, Jepp (3). 

— See also Rhizopoda, Ciliata, Masti- 
gophora, Gregarina, Coccidia, Neo- 
sporidia. 

Pseudococcus, wax-glands, Pollister, 
80, 127. 

Pseudodevescovina, Kirby (3). 

Pseudopodia of leucocytes of inverte- 
brates, Goodrich (3). 

Pseudo-trichonympha, Cutler (3). 

Psocid, early embryology of a viviparous, 
Fernando (2). 

Ptilinum of blow-fly, Laing. 

Purser, G. L. (i) The Early Develop- 
ment of the Spleen of Lepidosiren and 
Protopterus, 62, 231-41, pis. 15-17. 

— (2) Reproduction in Lebistes reti- 
culatus, 81, 153-7, pl* 8. 

Pusey, H. K. (1) Structural Changes in 
the Anuran Mandibular Arch during 
Metamorphosis, with reference to Ran a 
temporaria, 80, 479~552, pis- 33“46* 

— (2) On the Head of the Liopelmid 
Frog, Ascaphus truei. I. The 
Chrondrocranium^ Jaws, Arches, and 
Muscles of a Partly-grown Larva, 84, 
105-85, pis. 6-14. 

Pyatakov, M. L. The Dorsal Organs of 
Argulus and their Relation to the 
Hatching of the Larya, 7o, 159-71* 

Pyefinch, K. A. (1) Baccalaureus 
maldivensis, a New Species of 
Ascothoracican, 77, 223-42. 

— (2) The Internal Anatomy of Bacca- 
lavur.eus with a Description of a New 
Species, 78, 653-86, pis. 35-4°- 
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Pygopus ; caudal autotomy and regenera- 
tion, Woodland (i). 

Pyrenoids, Chilomonas, Gatenby(3i). 

Raiaclavata, labial cartilages, Allis (i). 
Ramanna, B. S. See Rao (i). 
Ramaswami, L. S. The Chrondro- 
cranium of Calotes versicolor 
(Daud.) with a Description of the 
Osteocranium of a Just-hatched Young, 
87 , 237-97. 

Ran a; development kidney, Gray (2-4). 

— mandibular arch during metamor- 
phosis, Pusey (1). 

— nigromaculata, olfactory organ 
development, Tsui (1-3). 

— operculum and gill-chambers, Brock 
(2). 

— See also Frog. 

Rao, C. R. N. (i), and Ramanna, B. S. 
The Formation of Archenteric and 
Segmentation Cavities of the Eggs of 
Engystomatid Frogs, 69, 731-44, pi. 55. 

— (2) On the Structure of the Ovary and 
the Ovarian Ovum of Loris lydek- 
kerianus, Cabr., 71, 57-74, pis. 8, 9. 

Rat, harderian gland, Duthie. 

Rau, A. S., and Ludford, R. J. Varia- 
tions in the Form of the Golgi Bodies 
during Development of Neurones, 69, 
509-18, pi. 39. 

Ray, H. N. See Mackinnon (1, 2). 
Reburn, H. E. An Easy Way of Demon- 
strating the Nuclei of Nerve Fibres, 62, 
217-19. 

Regeneration; in Coccinella, Pradham. 

— tails of Gecko, &c., Woodland (1). 

— Teleost scale, Neave. 

Reisinger, E. See Steinboeck. 

Renton, Rachel. See Fraser (2). 
Reproduction; Eisenia, Grove (2). 

— - Heterandria, Fraser (2). 

— Indian earthworms, Bahl (6). 

— Lumbricus, Grove (1). 

— viviparous fish ; Lebistes, Purser (2). 
Reproductive system ; Brittle-star, Smith, 

82, 267. 

Insecta, Metcalfe (1-3). 

Planarian Artioposthia, Fyfe. 

Resorption in Perophora, Huxley (3). 
Restitution bodies, and free tissue-cul- 
ture in Sycon, Huxley (2). 
Rhabdomonas costata, osmiophil 
material, Smyth (3). 
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Rhizopoda; on surface films, Jepps (2). 

— Arcella, Bles. 

— Gromia, Jepps (1). 

— Oxnerella, nov.gen. of HeliOzoa, 
Dobell. 

— See also Amoebae. 

Rhizostoma with parasitic Actinian, 
Badham (2). 

Rhodnius; development, Mellanby (1, 
2). 

— ecdysis, Wigglesworth (4-6). 

— egg, Beament. 

Rhynchodemus britannicus, n.sp.; 

a triclad, Percival (2). 

Rhyscotus, hermaphroditism, Jackson. 
Robertson, M. The Effect of Gamma- 
Ray Irradiation upon the Growth of a 
Protozoon, Bodo caudatus, 75, 
511-42. 

Robson, G. C. On the Anatomy and 
Affinities of Paludestrina ventrosa, 
Montague, 66, 159-86. 

Roonw al, M. L. On the Post-embryonic 
Development of the Respiratory System 
of Dialeurodes dissimilis (Homo- 
ptera, Aleurodidae), 77, 605-22. 

Rosette gland in land Isopoda, Govett. 

Sabella and Spirographis , blood 
systems, Ewer. 

Sabellaria alveolata, opercular chae- 
tae, Ebling. 

Sabellidae; Branchiomma, develop- 
ment, Wilson. 

— blood systems, Ewer. 

Saccocirrus; gametogenesis, Gatenby 

( I 5)- 

Sacculina, life-history, Day. 

Salivary glands of Hemiptera-Hetero- 
ptera, Baptist. 

Salmo; thymus, Deanesly (1). 

— chondrocranium, de Beer (12). 
Sanders, F. K. Cytochemical Differ- 
entiation between the Pentose and Des- 
oxypentose Nucleic Acids in Tissue 
Sections, 87, 203-8, pi. 7. 

Sanguinicola, from the Sudan, Wood- 
land (3, 5). 

— Odhner. 

Sarawak, oligochaeta, Michaelsen. 
Schistosoma, sex, Severinghaus. 

Scorpion, organization and development, 
Pavlovsky (2, 3, 5). 

Scott, Margaret. See Patten (1). 
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Scylliorhynus, spermatozoa^ Metten. 

Scy Ilium; development of skull, de 
Beer (14, 15). 

— segments of head, Goodrich (2). 

Sea-Turtle, lymph sacs, van de Jagt. 

Segrove, F. The Development of the 

Setyulid Pomatoceros triqueter 
L., 8a, 467-540. 

Selachii; cartilages and muscles, Allis 
(1, 2). 

— - Heterodontus, de Beer (4, 5). 

— Hyoid Arch, de Beer (16). 

— nervous system autonomic, Young (3). 

— pituitary gland of skate, Howes. 

— Scylliorhynus ; spermatazoa, Met- 
ten. 

Copepod parasitic on, Gray (1). 

— Squalus; segmentation of Head, de 

Beer (1). , 

— Torpedo, skull, de Beer(n). 

— See also Scy Ilium. 

Septobasidium relationship with As- 

pidiotus, Couch. 

Setna, S. B. The Neuro-muscular 
Mechanism of the Gill of Pecten, 73, 
365-92, pis. 16-18. 

Severinghaus, A. E. Sex Studies on 
Schistosoma japonicum, 71, 653- 
702, pis. 43-6. 

Sewertzoff, A. N. Studies on the Bony 
Skull of Fishes. I. Structure and 
Development of the Bony Skull of 
Acipenser ruthenus. II. Primary 
Structure of the Bony Skull of Fishes, 
70, 451-540- 

Sex in Infusoria, Dogiel (1). 

— in Schistosoma, Severinghaus. 

— of tadpole raised by artificial par- 
thenogenesis, Gatenby (2). 

Sex-determination in Abraxas, Don- 
caster (2). 

Sex-intergrade Pigs, Baker (1). 

Sex-phases in Ostrea edulis, Cole. 

Shapiro, B. On the Epithelial Fibres in 
the Skin of Mammals, 68, 101-45, pi. 3- 

Sheep, thyroid glands, Lowe (2). 

Siboganemertes weberi, n.g., n.sp., 
Stiasny-Wijnhoff (1). 

Sikes, Enid K., and Wigglesworth, 
V. B. The Hatching of Insects from 
the Eggs, and the Appearance of Air in 
the Tracheal System, 74, 165-92. 

Sillago, Australian Sand Whiting para- 
sitized by leech, Badham. 


Siluroididia; cestodes of, Woodland (6), 
Simkins, C. S., and Asana, J. J. Develop- 
ment of the Sex Glands of Calotes. I. 
Cytology and Growth of the Gonads 
prior to Hatching, 74, 133-50, pis. 
4-6. 

Simocephalus ; labral glands and mode 
of feeding, Cannon (2). 

— summer egg, Cannon (1). 

Singh, B. N. (i) See Gatenby (30). 

— (2) The Cytology of Amoeba pro- 
teus V and the Effects of Large and 
Small Centrifugal Forces, 80, 601-35, 
pis. 50-1. 

■*- (3) and Boyle, W. The Vitello- 
genesis of 'Gasterosteus aculeatus 
(the Stickleback) investigated by the 
Ultra-centrifuge, 81, 81-106, pis. 3-6. 
Singh-Pruthi, H. The Development 
of the Male Genitalia of Homoptera, 
with Preliminary Remarks on the 
Nature of these Organs in other In- 
sects, 69, 59-96, pi. 5. 

Siphonophora, morphology and relation- 
ships, Garstang (4). 

Situs .inversus among Echinoid larvae, 
Ohshima (3). 

Skin, mammals, Shapiro. 

— Polypterus, Smith, 79, 487. 

Skull development; fish, Berrill, de Beer 
(9-12, 14, 15). 

— Acipenser, Sewertzoff. 

— Lepidosteus, Aumonier. ' 

— Leptodeira (Snake), Brock (1). 

— Polypterus, Moy-Thomas (1). 
Slifer, E. H. (i) The Origin and Fate 

of the Membranes surrounding the 
Grasshopper Egg; together with some 
Experiments on the Source of the 
Hatching Enzyme, 79, 493-506, pis. 
1 8-20. 

— (2) The Formation and Structure of 
a Special Water-absorbing Area in the 
Membranes covering the Grasshopper 
Egg, 80, 437-58, pi. 3°- 

Sminthurus, tracheal system, Davies. 
Smith, G. M. (1) The Formation of 
Melaniridosomes in healing Wounds of 
Haemulidae, 76, 647-54. / 

- — (2) and Coates, C. W. On the His- 
tology of the Skin of the Lungfish 
Protopterus annectens after ex- 
perimentally induced Aestivation, 79» 

487-9*. ~ 
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SMITH, J. E. (i) The Early Development 
of the Nemertean Cephalothrix 
rufifrons, 77, 335~82, pis. 21-2. 

— (2) The Reproductive System and 
Associated Organs of the Brittle-star 
Ophiothrix fragilis, 82, 267-310. 
Smith, K. M., and NEwth, H. G. A 
note concerning the Collar Cavities of 
the Larval Amphioxus, 62, 243-51, 
pi. 18. 

Smyth, J. D. (i) See Gatenby (32). 

— (2) Structure and Osmiophilic In- 
clusions of Astasia harrisii, 85, 
117-28, pis. 4, 5. 

— (3) Morphology of the Osmiophil 
Material of Rhabdomonas costata, 
and its Behaviour during Division, 85, 

329-41* 

Snakes; Golgi element in erythrocytes, 
Bhattcharya. 

— inclusions in eggs, Lai, 76, 243. 

— * Leptodeira skull, Brock (1). 
Spadella cephaloptera, John. 
Spalding, J. F. The Nature and Forma- 
tion of the Spermatophore and Sperm 
Plug in Carcinus maenas, 83, 399- 
422. 

Spatangus; larval skeleton, Ohshima 
(2). 

Spermatheca, Loligo, van Oordt. 
Spermatid and sperm of Crab, Nath (9). 
Spermatocytes Helix, ultra-centrifug- 
ing, Beams (1). 

Spermatogenesis; Diestrammena, 
Wu. 

— Gammarus, Palmer. 

— Lepidoptera, Bowen (1). 

— Lepisma, Gatenby (25). 

— * Man, idem (28). 

i — Marsupials, Agar, Drummond, 76, 1, 
and Greenwood. 

— * Moths, scorpions, and centipedes, 
Nath (2). 

— Pediculus, Doncaster (1), Cannon 

(1, 4)* 

— Peripatus, Gatenby (20). 

— Pulmonates, idem (5, 8). 
Spermatophore and sperm plug in 

Carcinus, Spalding. 

Spermatozoa; atypical of Moths, Gaten- 
by (4)- 

— Cavia, golgi element, Gatenby (14). 

— crab, Nadi (9). 

— dimorphic, Paludina, Gatenby (9). 
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Spermatozoa; fate of, in female dogfish, 
Metten. 

— mammalian, Parkes. 

— Muridae, Friend. 

— Y-granules, Muliyil (2). 

Sphenodon; caudal autotomy and re- 
generation, Woodland (1). 

— germ-cells, Tribe (2). 

Spider, oogenesis, Nath (4). 
Spirostomum, Bishop (1-3). 

Spleen, early development Lepido- 
siren and Protopterus, Purser (1). 
Sponges; form in relation to currents, 
Bidder. 

— gametogenesis and fertilization, 
Gatenby (23). 

— histology, cytology, and embryology, 
Webb. 

spicules and symbiosis, Dendy. 

— Sycon, Huxley (2). 

Sporozoa. See Gregarina, Coccidia, 
Neosporidia. 

Stegomyia, mitosis, Carter, 63, 375. 
Steinboeck, O., and Reisinger, E. On 
Prorhynchus putealis, Haswell, 
with a Description of a New Species of 
the Genus, 68, 443-52. 

Stenophylax, spermatogenesis, Gres- 
son (8). 

Stephenson, J. On the So-called 
Pharyngeal Gland-cells of Earthworms, 
62, 253- 86, pi. 19 • 

Stephenson, T. A. (1) On the Classifica- 
tion of the Actiniaria. Part I. Forms 
with Acontia and Forms with a Meso- 
glocal Sphincter, 64, 425-574, pi. 
22. 

— (2) Part II. Consideration of the 
Whole Group and its Relationships, 
with special reference to Forms not 
treated in Part I, 65, 493~57^. 

— (3) Part III. Definitions connected 
with the Forms dealt with in Part II, 

66 , 247-321* 

Stiasny-Wijnhoff, G. (i) On Brink- 
man’s System of the Nemertea Enopla 
and Siboganemertes weberi, n.g., 
n.sp., 67, 627-69. 

— (2) Some Remarks on North Atlantic 
Non-Pelagic Polystylifera, 77, 167-90, 
pis. 1 1-13. 

Stomatophora, Bhatia, 68, 481. 
Stomatopoda, innervation of heart, Alex- 
androwicz (2). 
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Strangeways, T. S. P., and'CANTi, R. G. 


The Living Cell in vitro as shown by 
Dark-ground Illumination and the 
Changes induced in such Cells by 
Fixing Reagents, 71, 1-14, pis. 1-5. 
Strobilization of Aurelia, Percival (1). 
Str6er, W. F. H. The Development of 
the Pronephros in the Common Perch 
(Perea fluviatilis L.), 75, 557-70, 
pi. 33- 

Stroma toporoids, systematic position, 
Hickson (2). 

Sturgeon. See Acipenser. 

Stylaria ; genital organs, Mehra (1). 
Subramaniam, M. K. Studies on the 
Structure of the Golgi Apparatus, IV. 
Endostyle of Branchiostoma indi- 
cum, 81, 429-50, pi. 25. 

Sudan ; Caryophyllaeidae, Woodland (3). 

— Sanguinicola, Woodland (2, 5) ; Odher. 
Sutherland,' J. L. Protozoa from 

Australian Termites, 76, 145-74. 

Sycon; tissue culture, Huxley (2). 
Syllidae; Autolytus, Okada. 

— Odontosyllis, Goodrich (13). 

— Pionosyllis neapolitana, n.sp. 
(hermaphrodite), Goodrich (7). 

— proboscis, Haswell. 

Symbiosis (Sponges), Dendy. 

Symphyla, post-embryonic development 

of Hanseniella, Tiegs (6). 

Tachyglossus. See Echidna. 

Tadpole sex by artificial parthenogenesis, 
Gatenby (2). 

Tails; autotomy and regeneration in 
Gecko, Woodland (1). 

Takatsuki, S. On the Nature and 
Functions of the Amoebocytes of 
Ostrea edulis, 76, 379-432. 

Taylor, M. (i) The Chromosome 
Complex of Culex pipiens. Part if. 
Fertilization, 62, 287-301, pi. 20. 

— (2) Nuclear Divisions in Amoeba 
pro t > 67. 39-46, pl. 2 . 

— (3) Amoeba proteus: some New 
Observations on its Nucleus, Life- 
history, and Culture, 69, 119-50. 

— (4) The Development of the Nucleus of 
Amoeba pyoteus, 71, 239-58, pl. 28. 

— (5) and Hayes, C. Amoeba les„- 
cherae n.sp. Its Morphology, Cyto- 
logy, and Life-history, 84, 295-328, 
pl. 17. 


Tazelaar, Maria A. The Effect of a 
Temperature Gradient on the Early 
Development of the Chick, 72, 419-46; 
pl. 26. 

Teeth, larval Be lone and attachment 
of fish teeth, Moy-Thomas (2). 

— Physeter development, Beddard. 
Teleostei; Agriopus eedysis, Gilchrist 

( 5 ). 

— Cod and plaice, tail, Barrington (1). 

— Haemulidae, melaniridosomes, Smith, 
76, 647. 

— Hake, enamel organ, Carter, 63* 387. 
otolith, Hickling. 

— Perea, development of pronephros, 
StrSer. 

pituitary, Kerr (3). 

— Sal mo, development of ehondro- 
cranium, de Beer (12) ; thymus, Deanes- 
ley (1). 

— Scale, Neave. 

— Sillago, a sand whiting, Badham (1). 

— sole and plaice, skull, Berrill. 

— Thynnichthys, development of meso- 
nephros, Moghe. 

— Uranoscopus, autonomic nervous 
system, Young (1). 

— vitellogenesis, Gasterosteus, Singh (2). 

— See also Pleuronectes. 

Tenthredinidae; cell inclusions during 

mitosis, Peacock (1,2). 

— oogenesis, Gresson (1-4). 

Teredo, protandry, Yonge (1). 
Termitidae, protozoa of, Cutler (1-3), 

Kirby (1-4), Mackinnon (3, 4), Suther- 
land. 

Testacella, giant germ-nurse cells, 
Gatenby (9). 

Testes of sex-intergrade Pigs, Baker (2). 
Thalassochelys caretta, sea-turtle, 
lymph-sacs, van der Jagt. 

Thelepus; discharge of ova, McIntosh. 
Thomas, A. J. The Embryonic De- 
velopment of the Stick-insect. Carau- 
sius morosus, 78, 487-511, pis. 25, 
26. 

Thomas, H. J. Tegumental Glands in 
the Cirripedia Thoracica, 84, 257- 
82. 

Thorpe, W. H. The Biology and De- 
velopment of CryJ)tochaetum gran- 
dicorne (Diptera), an Internal Para- 
site of Guerinia serratulae (Cocci- 
d~ae7, 77, 273-304. 
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Thymus; fish, Deanesly, 113. 

— histology in mammals, Deanesly (2). 
Thyroid gland; variation in sheep and 

cats, Lowe (2, 3). 

Tiegs, O. W. (i) See Murray. 

— (2) and Murray, F. V. The Em- 
bryonic Development of Calandra 
oryzae, 80, 159-284, pis. 21-6. 

t— (3) The Embryology and Affinities of 
the Symphyla, based 6n a study of 
Hanseniella agilis, 82, 1-225, pis. 
1-9. 

- (4) ‘Dorsal organ’ of Collembolan 
Embryos, 83, 153-70, pi. 11. 

— (5) The ‘Dorsal Organ’ of the Embryo 
of Campodea, 84, 35-47* pi* 

— (6) The Post-embryonic Develop- 
ment of Hanseniella agilis (Sym- 
phyla), 85, 191-328, pis. 7-12. 

Tissue culture; Strangeways. 

— Helix, Gatenby (26, 27). 

Modiolus mantle, Gresson (9). 

Sycon, Huxley (2). 

Tonoscolex, nephridial system, Bahl 

(9). 

Tornaria, van de Horst (2). 

— ciliary feeding mechanism, Garstang 
(3)‘ 

Torpedo, development of Skull, de Beer 
(11). 

Trabecula cranii, de Beer (15). 

Tracheal system ; appearance of air, Sikes. 
Travoscolides, nephridia, Bahl (16). 
Trematoda : Cerceria, Vickers. Crypto- 
cotyle, Cable (1, 2). Miracidium of 
Heronimus, Lynch. 

— Schistosoma, sex, Severinghaus. See 
also Sanguinicola. 

Triactinomyxon, Mackinnon (2). 

Tribe, M. (i) See Hill (3). 

— (2) and Brambell, F. W. R. The 
Origin and Migration of the Primordial 
Germ-cfells of Sphenodon puncta- 
tus, 75, 251-82, pis. 16, 17. 

Trichogramma, development in egg 
of Donacia, Gatenby (1). 

— • segregation of the germ-cells, idem (6). 
Trichonymphids and other flagellates 
from termites, Mackinnon (3, 4), Kirby 
(1-4), Cutler (1-3), Sutherland. 
Trichoptera ; development of female 
genital ducts, Dodson. 

— spermatogenesis of Stenophylax, 
f Gresson (8). 


Tricladida; Rhynchodemus, Percival (2). 

— prevention of self-fertilization, Ullyott 

(i)- ' 

Tsui, C.-L. (i) Development of Ol- 
factory Organ in Rana nigromacu- 
lata, 87, 61-90. 

— (2) Morphological Observations on 
the Fate of the Lateral Appendix in the 
Embryonic Olfactory Organ of Rana 
nigromaculata, 87, 91-101. 

— (3) and Pan, T.-H. The Develop- 
ment of the Olfactory Organ of Ka- 
loula borealis (Barbour) as com- 
pared with that of Rana nigromacu- 
lata, Hallowell, 87, 299-316. 

— (4) The Effect of the Removal of the 
Lateral Appendix in the Embryonic 
Olfactory Organ of Kalo.ula boreal i s , 
Barbour, 87, 373-84. 

— (5) The Effect of the Removal of the 
Anterior Lower Sac on the Lateral 
Appendix in the Embryonic Olfactory’ 
Organ of Kaloula borealis, Barbour, 
87. 385-91* P^- 8, 9- 

Tubifex; Sporozoa, Mackinnon (2). 

Tubularia, embryology, Lowe (1). 

Tucker, B. W. On the Effects of an 
Epicaridan Parasite, Gyge bran- 
chialis, on Upogebia littoralis, 
74, 1-118, pis. 1, 2. 

Tumour cells, Da Fano. 

Tunicata; blood, George, 81, 391. 

— morphology and phylogeny, Gar- 
stang (2). 

Turbellaria; Prorhynchus, Steinboeck. 

— a new prorhynchid, Hickman. See 
also Artioposthia and Rhynchodesmus. 

Turtle, lymph sacs, van der Jagt. 

Uhlenhuth, E. The Golgi Apparatus in 
the Thyroid Gland of Amphibians in 
its Relation to Excretion Polarity, 76, 
615-46, pi. 36. 

Ullyott, P. (i) and Beauchamp, R. S. A. 
Mechanisms for the Prevention of Self- 
fertilization in some Species of Fresh- 
water Tri clads, 74, 477~9°* P 1 - 2 3- 

— (2) Notes on Planaria vitta, Dug£s, 
75,483-94. 

Ultra-centrifuge effect of, on spermato- 
cytes of Helix, Beams (1). 

— on free-living Flagellates, Patten (3). 

— on Gregarines, Tenebrio, Daniels. 

— on oocytes, Lumbricus, Norrington. 



The Quarterly Journal of Microscopical Sctence 


Ultra-centrifuge effect of, on stickleback 
vitell ©genesis, Singh (3).' 

— on vertebrate neurones, Brown, 79* 73- 
Upogebia with epicaridan parasite, 

Tucker. 

Uranoscopus; autonomic nervous sys- 
tem, Young (1). 

Uterine glands, Aykroyd. 

Vanessa, development of mid-gut, Hen- 
son (1, 2). 

Vasa efferentia, Ran a development, 
Gray (3). 

Vertebrate head, Kingsbury; de Beer 
(6, 10); Goodrich (1, 2); Paterson (2); 
Pusey (2). 

Vickers, G. G. Op the Anatomy of 
Cercaria macrocerca from Sphae- 
rium comeum, 82, 311-26, pis. 11-12. 
Villiers, C.‘ G. S. de. (1) On the Cranial 
Characters of the South African Brevi- 
cipitid, Phrynomerus bifasciatus, 
73, 667-705- 

— (2) The Cranial Characters of the 
Brevicipitid Genus Cacosternum 
(Boulenger), 74, 275-302. 

Visceral arches of gnathostome fishes, 
Allis (2). 

Vitellogenesis, stickleback, investigated 
by ultra-centrifuge, Singh (3). 

Waring, H. The Development of the 
Adrenal Gland of the Mouse, 7®» 3*9” 
66, pis. 14-18. 

Wax-glands, structure and development 
in a Coccid, Pollister, 80, 127. 

Webb, D. A. The Histology, Cytology, 
and Embryology of Sponges, 78, 51-70. 
Weevil. See Calandra. 

Wenyonia, n.g. Cestodaria, Woodland 

(4)* 

Wertheim, P. The Revision, Systematic 
Position, and Origin of Diplodinium 
(PolyplastrOn) multivesiculatum and 
Diplodiriijium (Polyplastron) bubali, 

Wheeler, J. F. G. The Growth of the 
Egg in the Dab (Pleuronectes li- 
manda), 68, 641-60, pis. 34, 35. 
Wigglesworth, V. B. (i) The Forma- 
tion of the Peritrophic Membrane in 
Insects, with Special Reference to the 
Larvae of Mosquitoes, 73, 593-616. 

— (2) See Sikes. 


Wigglesworth, V. ,B. (3) On the 
Function of the so-called ‘Rectal 
Glands’ of Insects, 75* 

— (4) The Physiology of the Cuticle and 
of Ecdysis in Rhodnius prolixus 
(Triatomidae, Hemiptera) ; with Special 
Reference to the Function of the 
Oenocytes and of the Dermal Glands, 
76, 269-318. 

— (5) The Physiology of Ecdysis in 
Rhodnius prolixus (Hemiptera). II. 
Factors controlling Moulting and ‘Meta- 
morphosis’, 77, 191-222, pi. 14. 

— (6) The Function of the Corpus Alla- 
tum in the Growth and Reproduction 
of Rhodnius prolixus (Hemiptera), 
79, 91-122, pis. 4, 5. 

— (7) Significance of ‘Chromatic Drop- 
lets’ in the growth of Insects, 83, 141-52. 

Wigoder, S. See Patton (2). 

Willard, Dorothy M. The Innervation 
of the Adrenal Glands of Mammals ; a 
Contribution to the Study of Nerve- 
endings, 78, 475-85, pi. 24. 

Willis, A. G. Studies of Lageno- 
phrys tattersalli, sp.n. (Ciliata Peri- 
trichae Vorticellinae). Part I. Structure, 
Asexual Reproduction and Metamor- 
phosis, 83, 171-96, pis. 12-13. 

Wilson, D. P. The Development of the 
Sabellid Branchiomma vesiculo- 
sum, Montagu, 78, 543-604. 
Woodger, J. H. (1) See Gatenby (14). 

— (2) Observations on the Origin of the 
Germ-cells of the Fowl (G alius do- 
mes ticus), studied by means of their 
Golgi bodies, 69, 445-62. 

Woodland, W. N. F. (1) Observations 
on Caudal Autotomy and Regeneration 
in the Gecko (Hemidactylus flavi- 
viridis, Riippel), with Notes on the 
Tails of Sphenodon and Pygopus, 65, 
63-100. 

— (2) On Amphilina paragonopora, 
sp.n., and a hitherto undescribed Phase 
in the Life-history of the Genus, 67, 
47-84, pis: 3-5. 

— (3) Sanguinicola from the Sudan, 67, 
233-42, pl- 18. 

— (4) On Some Remarkable New Forms 
of Caryophyllaeid’ae from the Anglo- 
Egyptian Sudan, and a Revision of the 

-Families of 'the Cestodaria, 67, 435~72> 
pis. 24, 25. 
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Woodland, W. N. F. (5) Note on San- 
guinicola from the Sudan : A Correction, 
68, 41 i~i2. 

— - (6) On some Remarkable New Monti- 
cellia-like and other Cestodes from 
Sudanese Siluroids, 69, 703-46, pis. 53, 

54 * r 

— (7) On the Anatomy of some Fish 

Cestodes described by Diesing from 
the Amazon, 76, 175-208, pis. 11-16. 
Woodruff, L. L. Micronuclear Varia- 
tion in Paramoecium busaria, 74, 

’ 537 - 46 . 

Wobdwardia, enteronephric system, 

Bahl (5). 

Wotton, R. M. A Study of the Mito- 
chondria of Trypanosomes, 82, 261-6, 
pi. 10. 

Wu, C.-C. On the Origin of the Acro- 
some and the Behaviour of the Neben- 
kem in Diestrammcna, sp., 87, 31- 
43, pis- 4-6. 

Xenopleura vivipara, g. et sp.n., 
Gilchrist (6). 

Xenopus, head, Paterson (2). 

Yolk: absorption in Loligo, Portmann. 

— Crustacean oogenesis, Bhatia, 74, 
669. 


Yolk : formation, histochemistry in hen’s 
egg, Marza (2). ' 

— formation in Lumbricus, Harvey (1). 
Peri pi an eta, Gresson (5). 

Tenthredinidae, Gresson (3). 

— origin in Firefly, Nath (6). 

Spider, Nath (4). 

— (Y.-granules) of male germ cells, 
Muliyil (2). 

Yonge, C. M. (i) Protandry in Teredo 
norvegica, 70, 391-4. 

— (2) See Mawson. 

— (3) On the Mantle Cavity and its 
Contained Organs in the Lori cat a 
(Placophora), 81, 367-90. 

— (4) Ciliary Currents in the Mantle 
Cavity of the Atlantidae, 83, 197-204. 

Young, J. Z. (i) On the Autonomic 
Nervous System of the Teleostean Fish 
Uranoscopus scabes, 74,491-536. 

— (2) On the Cytology of the Neurons 
of Cephalopods, 75, 1-48, pis. 1-6. 

— (3) The Autonomic Nervous System 
of Selachians, 75, 571-624. 

— (4) The Giant Nerve-fibres and 
Epistellar Body of Cephalopods, 78, 
36786. 

Zarin, E. J. See Pavlovsky (4, 5). 
Zygoptera, genitalia, George, 72, 447. 
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